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)EVEI.OPMENT OF ANALIYSI-.. FOR INVEST1GATION oF MII.,IMI:TER
'AAVI.: INTEG;RATED CIRCUITS

by

, Llsy E. Splethnn
Navnl Rv.search Laboratory
Wasnington, D.C. 20375

1 NTRODIICTI ON

Microwave' iitegrated circuit (MIC) ttcl .tlques have ,hrveloped

,ipidly in recent years in the trequtency range from D-band up into .1-ban,!.

The benefits resulting from MIC technology--savings in component cost,

.;itze. .mnd weight--are :ntso desirable tor lystem applications at tre-

quencies in J-band and above. Attempts to apply circuit integi at ion

techniques at millimeter wave frequcncies have encountered several

problmr,.. Some of the.se problems are: (1) high transmsis ion [in, loss,

(2) high cost, (3) a ieed for broader bandwidth capability, (4) a lack

of design data, and (5) a need for transmission lines with greater

ruita•bitt.y t-t r-omponenr lmplemena~iU..

This paper describes a research elfort which i:s oriented to develop

computer-aided analysis methods which will not only enabl.e the in-

vestigator to inexpensively and syste. .itically evaluate new transaitcsion

media, but will also furnish design inCormation for components employing

ist . i'd and coupled paralleL t'ras:misslon lines. An in-house, computer-

aide, . quasi-TEM analysis, sutitable for ch.iracterizing a variety et

los:sless :solated and coupled transmits.qion lies he'lo 40 CHz, has been

ext.,nded to compute conductor and dielectric lossts in these media. A

discu'.sion of this exttnsion is presented. Illustrative computationi of

conductor and dielectric loss coefficients are pte.sente.d for both micro-

-trip and coplanar waveguide. Plans are discussed related to a recent ly

i itiated effort to develop a methoed of moments analysis which .idequtatvlv

treats noumnagnet•c, dispersive media and determines: lii?..htcr order mrady,;

for propagation at Irequencies through and above 40 ClI..

UNCI.ASSII tEI
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QUtASI-TEN ANAI.YSIS flFVEI.t)PMENT

Lossless Hedin

The InvestiRation descrihed here was initiated as a logical ext,-nsio:1

of previous in-house research rels: Ing io the, development (:f dire.cttonal

coupler:. for broadband MIt applications. Touring this pre'vioues effort

the primary preblem was to reduce the degradation of coupler directivity

res, Lting t rtm diffterenL even and odd mode -ihase velocities in commonly

employed c.-dfiguratlorin of coupled transmission Iiotes. For the pui--pose ot

solvirg chis problem a computer-aided, method of nioments, quasi-TEN analysis

was developed, with suitabilit for determining propagation characteristics

in n ":ariety of lossless° isolated, and coupled transmission lines for

applications belov 40 Ghz. The eccuracy ot this analysis has oeen

demonstrated for computat .s of isolated microtctip lint- character-

ictics [1,21 and via microwave measurements of computer designed directional

couplers employing: ki) microstrip with a slotted ground plane 21,

,2) coupled microstrip with n ground plane ot reduLed extent [2], and

-,1'ý edgy -coupled . ..crostrip with dilelectxic overiays.r]

In order to assess the higher transmission line losses encountered

at millin•eter wave frequencies this atalvsis has been extended to

determine. conducto- and dielectric losses As described in the next two

sections.

Conductor Losses

The method used to compute prupagation iosse,; du.- to imperfect

conductors in either isolated oz coupled transmission lin,-s is desccihed

as follows. The loss ccefficient due to conductor los;ses, c , ior ani

isolated tr-nsmisst,-n line or the ,yen or odd mode transmission line for

a coupled line pair can be expressed as

P d

c
2Pf

Here, Pd is the time average power dissipated per unit length due to

conductor tosseq and Pf is the time average power flow along the line.

UNC LASS IF lED
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4 -1 expreqq..,d Approximately Itn

1v12

wher-e ivI is the amplitude of stat ic v')|tag,' impressed across tilt- condmctors

ot this :;ys*-m,' while Z is the vaiL he of impedance . dtvnni nt- by thetl

lossless analysis referred to in the previous section. P( is described

in tially by

pd I. II2 R dt (3

.. ond

In equation ( ', Ihi is the amplitude uf magnetic field kit the botudarics

of -",1'dICttC.es in the SysLein, R Is the surfa.e resistance of the ,onduoctors

(aill taken to !,e the s:ame material here). The integrati, i in eqult 1toll ( 1)

is taketr over the surfaces of ,ill condtic-orq in the tr.znsniis Ion line

under consideration. The magnetic field in the los'y problem is approti-

mar,.d by that In the IoFslens probliten, which in It rn c'.*i he reprs,'tctd ill

teiris of an equivale'nt charge' distributition [41. q, ,1c.tot nintI in the

solution ot the loss jess probletm. lit lice,

4,T'. R l

I Ii;C -- A (4 1, l•
r t4

e t I cond

l.w iunt egral in equation (4) is nuime ric ctly approximnated by a su'nur-ition

nl thi. ,tffe. lvjve re.Ativ,, permittivity, (c r , is det-it-mitied c, .si!-t,-nt

with the lossl1ess analysis formulation set down previously "P._ Th,. surxs..e

res istn•nce R is deternmined hy

wht-'e I i-; the op-ratt g f-requentv "and . i., the d.:. contitiu tivitv tt tile

rn.l. .t Is eng eqaat oni (, , (..•U , .and ', together witri tmqm.aut 11.i , tht"

N . , I 1-

I -
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t-onchic to r Io q it ro.' if i i er't c qsn oe alp roxi~ m Alt edi aRa

a ~(dfh/ln) Z-j---- f 1(1 dt

As in I I I tstr at iye exarmpI e. the 'miii-s tIor I is oe f I Iit-iet was

computed f or S MiCrost-ip I ine wich an impedance oi ')0-M(notninaI IY.

The I inewidith was 0.024 inch, the si%;bqtrate th icknpstm was 0. 025 int h. the

swbxtratr dieleCtl t u--tn wa 10.0, And( th.' ~'ti:it n UaS tJ1At-n 11)

0.0U025 inch thick. The d.s. conductivltt . 1 was takeii to bu

9.61 xc 10- 7).-inch. Th-' computed valises, (it is ars- t , presented in [Igi Xre

by the solid ciirve. 'Ihe reference valties. r&-presentsed bv it broken curve.

are jue co A compiuter prograin vvts toi of Schmne ider's resti!-. FS

As inother illustrative example. the conductcr loss coetticienr wati

computed by the method develop~ed her- for a ¶sO-l oplanar wa3veguide..

The I tnewidth of th' st rip was 0.025 inch, the gap-, in the condtu tor were

0.0J 0hS inch, the -4tjbNt rIat tO ickne ss was 0. 02- inch. thu stuhi rate Ii-

electric t--,nstar~t was caký-mi to b,- 10.4. Again, th. -netalizatiton Lhlc~nCSS

was 0.00025 inth with a =9.01 K I 10fl - inch. fIgurt. 2 q'iows time ,mpiitvd

C1 ye r sti4 Irequencey f or this c are . Fo r tecre:ehe c ompotired asc
mic rost-1p1 is tcplott ea in F'igure 2

Lielecrric Losses

Coui~is.tent with the qtuasi-1TEM r~pprosch svt dt,%n In proviois~ ý,ect lun'.

and uqing an approach iimillar It- one dit. to Schneic'o.-!-~ _h for isolpi'ed'

even mode, or odd mode transmission I ines the dielectric loss cor~flcj.nl

id'can be Pxprc-;sed as

- 27.3 Vr)ef f (tan 6) t

who're (c r is de trinmI ned Siy the methad disc ussod t or *'qiiitior t4 * c

is the :ipeed of li ght i - i t-ve sp.-e, and ttan ý eft tall be c*.pretI'ed '@s
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N r
(tan 6) (gr) Ž((r tan 6 (8)(tn5elf r (5€) )- n

r ff n- r

In equation (8), N is the number of different homogeneous dielectric

regions in the transmissian line cross section, tan 8n and ( r) are the
nloss tangent and relative permittivity of the nth dielectric region,

respectively. The partial derivative in equation (8) is approximated by

a finite- difference quotienit.

Using equo.tions (7) and (8), ad was computed for the same microstrip

example described in the prtvious section. The results are represented

by the solid curve in Figure 3. These are compared with reference values

due to Pucel, et. al. [71 for reference.

For the coplanar waveguide described in the previous section, ad

was computed and is plotted in Fig:ure 4.

DISPERSIVE ANALYSIS

Due to dispersion and higher order moding, the quasi-TEM analysis

approcch has limited validity fo- applications above 40 GHz. Effort is

currently underway on the development of a method of moments, computer-

aided analysis which adequately treats nonmagnetic, disper.iv, media and

determines higher order %-odes. This analysis will 1-e useful f-r appli-

cations above 40 GHz. The successful developuient of this analysis will

furnish a means for generating accurate design data for both conductor

oriented transmission media (e.gnlcrostrip, uicroguide, trapped inverted

microstrip) and dielectric ociented transmission media (e.g., image line

and insular waveguide). Suc'i data would lead to substantial reductions in

enmineerinS and fabrication expendit'ires in investigations which could lead

to impr, .ed passive cmponents (e.g., couple--, hybrids, filters). Further-

more, the capability, farnished by this analysis, of studying higher order

modes in a variety of media could lead to the isolati.ln of a mode with

more desirable loss characteristic.s.

UNCLASSIFIED
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SUMMARY

The efforý describee in t.hia pres-nutation is unique in its capability

for inexpensively and systematically investigating a wide variety of

transmissior liae media, reducing costly engineering and fabrication costs

by exrloiring versatile, computer-aided analysis methods. The in-

vestigative approach u.aderway can: (1) ftirnish design curves for

development efforts, (2) allow for comparative and feasibility evaluations

and (3) should lead to components with improved characteristics.
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LOW -COST HIGH- PER FORMANCE MILLIMIETER INTEGRATED
CIRCUITS CONSTRUCTED BY FIN-LINE TECHNIQUES

by

Paul J. Meier

Applied Electronics Div~sior,
t.IL, a division of CUTLER-HAMMER

Melville. New York 11746

Integrated fin- line techniques have I ee, proposed as A superior

method for constru-ting millimeter integrated circuits (references 1 alnld 2).

The advartages of integratt-d fin-line over microstri-, at , ilimetcr wave-

lengths include lower 1( .s, less stringent tolerances. bettter cot ipatibility

with hybrid devices, aad simple wavcguide intertaces. This p,_per will de-

scribe )ow-cost. higth-performanco millimeter component s which have beven
de"v'eloped to demrt'n tr. . tte rthe c v iity o. itneierraiei 11m- ilmw. i Iimt, ( MhI- I

p( ,ients include a PiN a t tenuator and several band-pass filters.

Fik'-ie 1 shows the cross-section of a fin-line structure which

is suitable for mounting semiconductor devices. Metal fins a1e l)l'lnrtd '1

a dielectric substrate which bridges the broad walls of a rt'!ar:giuliaV ,k ivt-

g1'ide. The substrate material can have a 'ow dielectric t onstat, w 1xhic-

eases tolerance problems at miltimeter vave!engths. In the structurc

sh,1wn, the upper fin is insulated fi'om the housinl,, at dc hw a dilecltrc .. Is -

ket, bit is grounded at RF by choosinug the thi- kness of the bro ad al ls t ( he

.1 (1u:1rtt r wavelength in the dieie;-trit mediu-.U . ilias wav I xe ap 1,42 tii!i-t It

semiconductor device mounted betwen tht insulated tiin and lower " ii1m. whiclh

i:s directly grounded by a metal gasket.

Figure 2 shows a test fixture whicti mates directly kvi'th twk,,

standard WR28 waveguides and has identical inner dimeel iso ,,s (0. 140 -

0.2 tO inch). The substrate is cut froni "'. 010-inch Iuroid and inchide,.s .I x

1)2-1



mounting hob s .s id two stepped edges. The latt,-r protrude into tihe atutting,,

WR28 waveg.udes and serve as quarterwave transformers. After , .tablish-

ing a low-ro'flection transition between WR28 waveguide and a slotted wave,-

guide loaded by a dio ectric slab (d b 1. 0). the substrate metallization is

tapered until the desired gap between the fins is obtained. The measured

VSWIR of each transiti )n is 1. 2 or better across the 26. 5 to 40 Gliz b-.and.

The substrate retallization also includes an RF-bhcking network c(c:nae(ted

to the upper fin.

To demonstrate the compatibility of integrated fir-line with

semiconductor devices. two beanm-lead PIF diodes (Alpha D5840B) were

mounted across the fins near the center of the previously discussed sub-

strate (d b - 0. 1). The diodes were spaced a qu rter wavelength apart at

a frequency near the lower end of the instrumerntation band. The measured

insertion loss o)f the PIN fin-line attenuatom is plotted in Fitgure 3 as a func-

tion of bias. with freauentcv as a parameter ' At thp Iltn, . . d. n the L..d.,.-

where the diode spacing is optimum. the reversed-bias insertion hiss of

the atte; .iator is only 0. 3 dB, thereby demonstrating the capability of con-

structing low--loss semiconductor mount:, in fin-line. As the bias is varied

in the forward direction, the attenuation varies smoothly tver a 14-dM3 range

throughout a 20 -percent band. This level of pecfornmance clearly shows that

more complex circuits such as phase shiftel s, amplifie:-s, mixers, and

local oscillators can be succesfuliy c'ons tructed- in fin-line by low-cost

baich techniquos.

In fin-line circuits where semiconductors are tot reouuired.

lIower lohs can Ije obt.,ied by printing the fins on both sides (of tile dielec-

tric substr-ate and grounding these directly to the housing (reierei-ce 2).

"F(, demnonstrate the capability of constructing low-cost passive

rillinmifter co~nponents in integrated fin-line. various filter components

were primed on 0.020-inch l)uroid, as shown , i Figure 4. One- an0 four-

pole incicttiVCeIV coupled filters ;,re show:n at the center of the lphhotograph.

D)2 2



surrounded by four substrates. each print, d with a s,;lAh inductive d-hemt, nt.

By menasuring the insertion loss of t.ese eenents arross the 26. 5 to 40 (;lz

-and. famailies of (tesigli curves wer, generated to present the shunt suscep-

Lance as a fun:tion of strip width, with free-space wavelength as a p,,ram-

eter.

based up,)n the characterizaiion of fin-line filter eemments iaid

pu'lished dtesign curves (referene 3). at i'our-pole equal-clement filter has

been constructed and tested. Figure 5 compares the calculated response

with some preliminary measurements. The calculation was performed by

a computer -aided technique which solves for the overall ABlM) n.tt rix of

the entire filter network. The good agreement that has been obtained be-

tu een the four-pole measurements and theory denionstrates that integrated

fin-!ine is an exct Ilert medium for constructing low-cost millimeter filters,

particularly for those applications where the unloaded Q can be less than

400. or- \,'here close integration is desired with hybrid circuits,

In sammary. this paper has described somc examples of low-

cost Ihigh-performance millimetei" components constructed in integrated fin-

line. The high level of performance obtained during this preliminar'y pro-

gram clearly shows that fin-line construction techniques may be profitably

employed in a wide range of millimeter components and systems. Integrated

fin-lire is markedly superior to microstrip at millimeter wi.velengths. where

the former offers lower loss, less stringent tolerances. simple waveguide

interfaces, and better compatibility with hybrid devices.

This programn was sponsored by AIL under the direction of

K. S. Packard, M. T. Lebenbaum, and J. J. Whelehan. i,. Flerl and

J. ,1. raub formulated the initial program pl.an and made technical cent ri-

Lutions throughout the program. Technical assistance was provided bv

R. Gibbs, L. Hernandez. and A. Kunze.
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rigure 1. Integrated Fin-Line with Insulated Fins

Figure 2. Fin-Line Test Fi-xture
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Tangential Sensitivity -75 d~lin Q0 %-III IV)
1 dHl compression point -210 (Jirn ml'- mum
Spurious Signal 75 d~rm dou.,
Final ;F Output Frequency 6jO MVI'z
Minimum MT-PIA 10, 000 hours

2. PIRANSMISSION LINES

Most (if the transmission line in common LSe for microxwavE' frequencies
ca,-n bc- :ippliod to Zhe ý-.uh- millimeter wkave region of 16.0( to 40. 0 Cil~z.
Theso i-iclidv waveguidlo, ridge waveguide, circular wvaveg-uide. co-planar
waveguide, and ceramic waveguide, as well as coaxial lines, micro.,trip,
stripline. trapped inverted microstrip, slot-line, unbalanced suspended
substrateis, halart. ed suspended substrates and other more experimental
forms .-A rF'.-modt, trainsmnission lines. For the purposes of this program,
it was fell, th.,~ it %%as desirable to restrict an investigation to ThEM- and
pseudo- T LI- mode transmnission~ line; both because of the loing term potential,
for their increaiscd bandwiith as well as their inherent flexibility to inter-
,ace with active devices such as mixer and source diodes. In order to
achiev'e true integ-1ration, we als-c felt that the technique to manufacture must
be related to photo-iithographic and automatic chassis consCtruction; thus,
coaxial. lines, except in areas of transitions were also rejected as a -method
rif manu1factfire 0rf ther-~ " .Tedi~cr~'lse sfrlid
striplirac make ;t unsuitable at frequencies above 18. 0 CT-tz and, it is' our
judgment that slot-line techniques have rot been developed to a sufficient
degree to permit their use in a practical receiver at this time. This, then,
reduced the choice to three %ransrnission lines w~hich we felt had possibie
pr-?mise for application to the receiver ceramic microstrip, TV0 line,
and suspended substrate lines.

Ceramnic rni-rostrip is a well established technique for micro-;%ave
integratetd circuits, but suffers from increased insertion losses at elevated
frequencies,; which, whifle not excessive, nevertheless degrade the perforn.-
ance .:harac*(-r~stics. More signiificanitY, the reduction of the dimensions,
of distritbuted line components *, tht- re.-;ult of the Eigh die'Lectr~c con 4t0n.
results in extremely tight toleranecs which! -L.e felt would make the approach
excesc'ively exp'-nsivc and iný-ompatiblr, witl. o cost effective design approach.

Trapped !'iverted Microsti ip, or TIM, is a novel type of transmission
line invented at Microwave Asociates for the purpose of reducing the
radiation dis-continuities compared to conventional nmicrostrip, vwit "out
having to. pay t~l. penalty of increased linie joss. TIM line also nossesses
several other useful featu~-es and is poteritizc1lv attractive transmission
line rnediu-i for' use in MR' technology. Although some earlier tests have
been enCOU-aginig, it was decided that once again the extremely tight dimner-
sional tolerances required l'o component developmentI in this frequency range
plus rnoding problems related to the increased line widths niecessarY for this
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('1)1 si ructt io(n as co mpa red to 'era it it cii- mic rost rip rtil ('C it wt)Ut a 5 a flic(t hod(
of nianufacture within the time ft aic of this program.

'I'llI ransm ission line technique c..osen for the ( tflst ructio lofl( the
receiver ý%as a balanced suspended ;-izbstrate structure shown in [- itfri r I R.
In tius configturation a pair of equal potential conductors is placed onl each
side of the dielectric ~,ubst-ate support. It differs frorn the unbalanced
sutbstrate -shown in Figure .A, in that because of the equi-potenitial line
regfit ration virtually no field exists within tile dielectric !s.ubst rate, thus
reducinig, or eliminating, totally i~s contribation to 'ine insertion loý;s,. A
furth0er advantage accrues from the Fac. that the dielectric is air. T'he
effectivt wavelength of the linc- is increased compared to other t~ype'; of
trans!-mi: sion line, thus improving the aspect ratio oft components to h~e
built at slib-millimeter frequency. A 0. 004" thickness substrate, a 0. 001''
thick equi-potentiý1. conductor, a 1). 044" ehanrie1 heigLht package Nwas chosen
as tOw basic tr2risrrission line. A test fi,-ture was built which is sh~own in
F-'igureP 2. Insertion loss, data for this transmission line uas more than
satisfactory and is shown in the loss curve )f Figure 3. The oriL~iz!.Al Sub)-
Fstrate niat -rial chosen was an epoxy plass composite, how'ever, final sti,'1
stratc' nia-erial used in the receiver waq a woven teflon fjiherilas's nateriail
which provides stable support for the suspended line and ('an be procossc'd
with conventional photo-etching equipment thus reducinuf it-: L ost of mianu-j
facturo. The transmission line is suispended above the channel which i~-
rr-ri hv Nnti e 2-1.-.;....., t~cnqiz In the tia-sic chassis.

3. CIRCUIT FI'NCTW)N

Since most interfacing equipment, as well -As test eoiiiprnen!, is still
madec in v. aveauide rather than in a TENl mode transmrission line, it wris
necessarv to design the transition which would permit the wave'i'ui(e lo)
interface directly wvith the integrated pacds pe. A tra: sition devel yp'd
operated over an extremely wide range and actuall 'y p rovided stsatr
operation fromn 27. 0 GHz to 38. 0 C-Tlz. This data i.ý §hown in F~IO re 4, at,-
ai p ot of V-SWR vs. frequenc ' . Additional conipont'rnt5 devl('Coped !or tilt'
receiver included a handpass filter, a 9lQ- h ' brid which vn!as conve-rted( into
a 1) alalh'e(j nii7er and a directional coupler for test purpo-es. In order to

Provide- imiage rejiection over the IRP band and] to ;'revent sIpurious sjgrnals-
Mt lowe'- frequ--ncies from ente ring the receiver, a five- section hbandpas s
filter xwas designed. This filter wias built using short-circuited stubhs
spaced one-quarter wavelength along- the line. The ýýrutis wkhich are nomin-

-t!.one qua rter ikavelength 1 'np the de~sign freoitiencv \¼ ere itcanstosc'd, ill
this ca-',to he three-quarter kavel ength long stub it, eorder to !ran:;forin'
their inipedance to- a higher level, thus ma intzining, : rvca s;onablv aispect

ra-tio and ivoiding the Probl ems of loading at the junct ion -; of the I Anc
test filiter w b uilt using the previoalsl -V deVvlopedJ w a V(e'uidh- trairsni issionl
arind its pe rforn-ianre is shown in the curve of Figuir.i' 5.
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FIGURE 2 2- LONG SUSPENDED SUBSTRATE TEST L INE
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A (livirier-wavelength side-co. pied (tirectif)nl L t (:Liple' was ailso fat:i irta,:ted

)• in suspended :;ubstrate line to serve as a RIT input, coupler. it tiem onstra•ted 1

a flatness of ' 1. 0 d( acroscs the band and a V-WR contribution of typic:ally

less than . 5 across the hand. More sigrnifPi-ant to the development of the

down-converter was a three-section branch-arm, 90' hybrid. Althoubh the,

'anwvidith required for this program Naotld normally indicate a two-.1 rli

hybrid, the advantages gained by the three-arn hl'vhlrid in terms oF reducei

inteirface rapacity due to higher impedance branches was considered to he a

significant advantage, and thus the more complicated design was used. The

Performance of this circi, was shown in the curves of Figure G. This hlVIYrid

was then integrated with an c-pen-circuit stub hand reject filter which provided

the nc-cessary R" blockinK for the diode configuration c0 the halanced mix,.r.

The diodes chosen were s; ecialiy selected low-capacity (0.07 pl.) 3la.-

passivated beam lead Schottky diodes which were mounted on the substr:ites

by thermal compression bonding techniques between the output arms of thr

900 hybrid and the input of the bandstop filter assomhly. External filter

bias points were provided ir- order to permit indi -idual diode monitoring,

and/or dc bias.

4. INTEGRATFED RFCEIVER

All of the above circuit fuict:ons plus a v aveguide ,Ounn oscillator and

a micro'trip imnae rPiplnlon miv.' rssey't'lbl ' mt--• e I .n a -llna

daiwn-converter in accordance with the block diagram shown in FiKure 7.
The bandpass filter, directioral coupler and balanced mixer along with the
appropriate transitions and bias filtering was included in a single suspended

s.ubstrate chassis. This is shown in the photograph of Figure 8. The Gun i
oscillator was directly coupled to the substrate by means of the cavity to the

suspended substrate transition and the output was fed through ; 4. 0 to 8 0

Gliz preamplifier into an image rejeýction mixer asserhlve

"'igur,, )9 shows the overall finished assernbly v ith aill of these i,',nt. re.7.5

"TFe, measured electrical performance of the recen,, showe,! g:oo, cn:! ,,.,i2C,

with the program goals. A 4. 0 (Hiz l.andwidth was achieved with ;in II-
biandwidth operating from 4. 0 - B. -) (; lz in the first converter and at 60 A11,'

in the sec:1nd converter. The conversion loss from 32. 0 to 16. 0 (lzt zo

t>-lnind is shown in Figure 1C and is typically 1,1.0 to 15.0 dli across tne

band with a maximum conversion loss of 18. 0 dlI o'-curring at 34. 0 (;lz.

This measurement does not include any IF amplifier gain. rhisq would permit

a worst case tangential sensitivity of -76 dlim with a 26 MfH-z IF bandwidth.

The I dB compression point occurs at approximately -5 d~im, thus permitting
70 d( dynamic range. Although provisions were made for Oc biasing the

diode it was found, in practice, that this was; not necessary and that a common

Cc return between the two diodes could be used. rie MTrII" of the entire

assembly, including the amplifier and 'niage reject~on mixer suba ssemblie.s,

was calculated in accorda,.ce with It.- STD 217A. The M VHF, calculated for

the asernbly was 22, 345 hours.
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WIL)EBANI) MICROSTRIP COMPONENTS
AND THE IFM DISCRIMINATOR

by
D. L. Saul

Naval Etlecrauonies Laboratory Center
San Diego. California 9215 2

INTRODUCTION

-risi paper describes prog-r-,ss at NIL(' in the devvdopmert of- niiro%&a-ve iitciratcd

circuits an, :oinponents lor usu in the lower eif- tegion. Tlab w ;,rk 1-,,- been accoinpli-,heud as

part of a continuing kMIC deveiopment effort under NELC's Independent Re'.xarchi and Inde-

pendent [xplorat -,ry D~evelopment Program. Vic fr,-quency region of intercst under itils
portion or- the Program eytends; t'rom 20 to 1 10)(A(iz, although the results includt-d here arc
based on work in the 2-0.-40-Glib bind.

One of the primiary ohlective% of this ellk*(rt has been developmoent (if components suit-

able ['r use in surveillance tecei~crs. Of particular interest have been rect-isers of the, instant.;-

neouis Irequenty measuring IFM I type. Yo this end, a diSrm~inator ot'i tyi~e suitwable ftic hEM
receiver use hlI-i been built in min rostrip. This uinit ooeraites over ~he full Th .5-4t)-Glz band.

A num11rber o1 iiidiv;itual :omnpor.,ntS hav, ",,en developed, iliciuding power %liiitttrS.

90 anid 1 X0' hybrid pt. ct tons oh the branched-arm Coupler and reverse-phiase h'~bi id ring lypes.

respectively, and w~ave:gtide-to-mierostrip transitioils.

.'L CPRCU!1 MEDIUM

Vv-;ostrip line fabricated on :in irradiated polyok fin -ilcli ubsliaitv clhs~rtair.

Advantiges tor applici~tions in thle s.ubj-.-t 1[req nenecy range. tlhis ma~terial's low relat i%, permlit-
tMAiY fEr ;z7...3) allows circuktN and components to be fabricalt-d which are neither inreaonahl)I

sfflall nor suit', ti to dimensional const rain ts that mlight lead to exticrioe Librication diffi1cult ics.

The mnaterial is. reL::trvelv iepni and ca-Ily obtained. In thre torin selecte:d tor this wkork.

the dw-k e-lectic naterial contain% it, woven fibers or other mvebjalic~al reitlorcemient. Thediee
tic Is mod ified in its mnolttiadr structure during manut.A:cttire by nic;'ns oi an irradiating l'roces'

.l~imiied by the vendor to wiiprove he mperutnre behlavior andi mechianical Stability The resuilt me

prod uct vs rep(orl[Ll lV able to *lera t e .: in tiCh wider range of environmniltal condi ions 11mr,
Lmnmodi fied polyoletin die lec:trics.

Nii qutantitliltve *ni1Ormnati')in is vet avaflah~e reg-rd iiiv thle ostangenrt of- this I' it erial at

indfhmneter wv-jveleiigi Is [ xperipienlal dita vit hered on in crostrip line attenuatio t, a! 1juellli-

cie-S 11-1 to 40 (;i7 suggest. however. that thle loss tangent rerni .rs reasorial 'y low at tFr~Lequecies

well a hove thec conventionAl Weic rowave bnds. D1d aSUPpijed by 11h0 nunlarhacturer mirdicatVe

vau,~ of,

t an i =2_.7 X, 1It)

based ott a measuremenrt pt-Iforimed it 1).47 (~ 'usm g J.resoni~ti n I ea it . id Cavityv p~rt urhation



'Ibe diaelectric u~sed for this work is 0.010 inch thick, and is ohlam,nd in sheets with
copper foil 4f0.001.4 inchI thickness bonded to both sides. C'ircuits are miime. by a conven-
tional photoflabricato oilpioces'. Vhotorsi.st is applied by spinning, and. iflt'e c xposuire aill
developing. et: s cop! I eisci cd away fly a solutionti t terric chioride.

The c~opper toil '. omcw hat ilbicker than would he most a~tor~ihl'7- Im work involving
close di;mensional %Ulr re.Mintitinirng accurate line width atiJ circuit dimensions caiu be
diff'i 1ult because (it' the' w~ndciicy of thle etchant to 1ndkercut (fth! exposcd eiges of ý:oflticlor~s.
T.ie probleml doe" 110t turn out to he as severe, lit wever, as first app-earanlces might suggest.

Kliperience lias slio%%l En .:t r he widt It ol' mi crostri1p1 jines can he maintained to within a mnd or
better it re~asonable cAre i% cscrkci'ed throughou0kt each step of fabrialtion.

A livie widith ot 01.024 inch was adoptted for microstrip line to give a clharacteri~lic
Imrpeda nce ol 610 olhillis

TRANSITIONS

Si: :.- vir i aliN all test equ ipment Jor use in thle in limetei region is equipped wai . rec-
tangular %%.1%egUidc onctin. it was ;liecessiry ito f.bricate wa~ eguide_- to-nII icro~strip trani-o
tiOils Si110- " 1001-111d opea at loll was desired, a deCsgignl 11ii hng It .ý1 jot k tug i h of rec tineular
waveguide ~ontlalining a ndage~iiie transformler section was determined to be most suitabile.
Variousi exaniples were fablric-t.itd uivmg Tchehlycheff transformers with steps p~laced X/4 apart.
and others. were im.de usiing !inoothIh, tapered transformer sections. Figure 1ha I illustrates thle

conh ctin - 0!! .l r! ml! k!!t" -. s,vo 0i % -1 1~i'l 11 OCU l 10090~u !on!to1 !W t Nt!! Or I:Ibo~ratncrv

work. hov~ev.'r. incorpoi.i!c-, a ridgch nc trai'sfornicr section in which ridge height varivs as thle
cosine fu, ion1 I(0 over the Infleis ;i fl) to 7r. 'Fhe lenig!. of Ote sect ion is 1 .4 :nches. Thiiv design is
illustratred in f iguire 111). A\ t'0 iml %du nhw in thle illuisi rat ion is provided at point A to connect
the ridgeline to thle mlicrostrip. P~ c lower wall of' thle wavegwde t. xtends ouitward slightly to
tacilitate connctliol ito tlix groiiid lAane on the substrate's under Side. The corners of flie ridge
at the open enid of thie %kaveguid,' are c.hainfetedl to reduxe thle effeci of capac it isý d iscow~inuity
in thle iegioll of the ptiruit oi! Lmntact.

hi [te final deftisign. a 'imiaill. cavity-like structurer W.!S Installed at thle open end of* the
wavcguide aft.'r diarect signal radiation Was% io01i10to be occurring. This radiation. mnaofesting
itself' In the tormi of e\Le~ssve laniii~ssioi loss of as much as I dBi near thle upper end of the
la nd. was, oblserVed I0 l ie %:0n1g from fint vin II of ty thle poin t 't whichi tile rnic rostinp lrine was
connected to thle trastin The radiatiu-jn physical iuecltanisi, remains undet Investigation,
although aj prict ical 11ulcails of suppressing it has bieen- devised, Excitation of one or miore spuri-
M~IS surf~acek save Imodles IIuay he responsible.

BN xay of' ptrl'Orinant-e. the measured VSW R of A pair of transit ions ana a I-inch lengthi
of' in crost rip lIme is, typically lessý than 1 .2:1 over flthe full 26.5-494;HL, hand. Each transition
is observed it) have an Inset:ion loss of about 0.35 dB. Trhe inicrostrip line itsclf exhibits a loss
~,f about 0.3 1 tlB per InchI at 20.5 Gtil, increasing gradually to about 0.40 dB per inJ, a',
40 G1-17.

THLE D)ISCRIMINATOR

A~. cI IM ilAt tot H1tit. t pC use-.d f'o-r I FM receiver applic.ations mady be referred to as an
instaiutaiieouf.ristreuluecy dliscriminator Ml-4)), a terni wh:Lh .wrves to distinguish it from other
types of thsrmiutr sc ithose uw'd tor FM signal uer'nod atittu Ion
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In terms of practical application, (he IFD's purpose is to respond to an input rf signal
in such a way zhat the input sign. I's frequency and power level can be communicated to opt'r-
ator personnel in the form of a visual polar display. IPi such a display, the angle of a rdial
strobe has a one-to-one correspondence with a given input signal's frequency. and the length of
the strobe's radius vector is proportional to the input signal's power level. Use of a single IFD
to cover a very wide band Af freqitencics is often desirable from a practical standpoint, and
capability to operate over a 3:2 hand of ftequcnit meN is considered a reasonable goal for coverage
in the subject trequency region.

Figure 2 shows the disLIManinator circuit in schemat, form, and figure 3 shows the
microstrip circuit layout. The circuit utilizes 1"ol, hybitds of tht ,crse-pliase ring type and
one of lhe branched-arm coupler type. It wil! hlic t-ed that 1;u:, 'I AM exploits the phise
properties of the 1800 and 900 hybrids in such i •%•iy that nio separat- ',hase shifter is needed
to obtain the quadrature outputs necessary to producc a po' 'r di'plav of the type mentioned
previously.

The IF'D circuit's operation is best described mathematically. For tlih sake of conveni-
ence and simplicitv, a convention is adopted siuch that phase delays along var1tiv. sirnal paths
of equal elrctrical lengths are omitted from the mathematical representations of signal". since
these ,)base delay.s are arbitrary in nature and have no direct bearing otn pric iples, of rr'tir
ope'ation. hlie figtures of mt rit of the detectors are also omitted for similal I,:Sofls.

Numbe•ed and lettered references in the following, iscussion applx to figpte
The inptt signal Vi at point I can be exoressed as

Vi " 0- ý_L) S UJI

in which F10 (t) is an arbitr;, y amplitude mod-ulating function, uw is the tad ian freqotirnc. of tie
rf input signal. and t is time. Ilybrid HI is, connected to function as a power d~viut r. t Is Ine
anJ L., are o, unequal electrical lengths such that

L2-tI AtOI

The signals applied to H2, and H3 following lie power split ef II; can thuN be repr,!sented as

Lost)

and

V•. Cos (Wat -- 01.,) ::

respectivel-, with phase constant 03 d,-fancd as thc rate of change of ph-ase wdth respect to dis-
tance along i transmisslon line for fixed values of time. The value oInf is givcr .y)V

-I
0 A

In which X is, wavelength.
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I
Hybrids Ii a d III are ,iso con. e•eted to fillition a,,r powcr di dtrrv , t. L !.3. I - L "

am!i L, all hIJV" eq itl a lCtI.'IC:i 1 I'111gths. ih1w ot"pLut,, 0f i( "nd II3 "t ihle indica d rreference
points Can' thus bc expre.scd A.s ft)ollows

A[ point 4 / i ) t)
- c'ps iwt-• I)

At po.,it 5

At point 6' 1 (a 1 )

At iOint "•

Thte pturpose of hybrid 114 is to rcombine the signal.t passing along lines and L.j from
points 4 and 0. Since iH4 I, ; 180' hybrid- ignals at points 8I and 4' can be repre-setted by the

following:

At point 8, Cos (t - Al I + Cos (Lo -•1O,.

1.1
At poutl q} -- wt - ) - Cos (wt -/pL, )

-1/7i

Using the Igonoltlweit'c ildent lliI

cosX +C'tos N- 2, os:X+Y Cos 1 - X-Y

the signal at point 8 may bc expressed as

F 'tA Co it. - -3(L I + I ) cos',+3z I

A%-;uming sNqua;v.-law dei-ttion, the signa! at point1 I " is Iownd to be

t )
CO 'S~ (0-1 Li.

Using thie tri'goalmemIc .d elnltv

co" X -CoY - -2m,-,(X+Y)sill (X- )

the SIPTn l ii l ,tI P 1) .n bI he Cxp:'..'ed is

_t1.1 ,.l2) n

which. AItLi sqlt L -1.1% tk t.cctiol. yields

l:() l I +
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at lioinr.* 3. Tak Ing thle dAifference (it the dc teetcd signals atI points 1 2 anld L; by Y~.':so
difft erential am pdi~ei A. 111id applying trigonometr ic ident ity

Col. X - SIiX 20 2X

it is% found that Output A. ait poiit !6. is

Output A cos A

Since 0 has an approximately hricar rf' freqUenicy dependence. Output A uriderpoeý, a

cosine variation as the discriminator's input signal is varied in trequencv. N~otte also that the
output varies as. the -square of miodulation Implitude and heace as the power level of' the input
%igfldl.

11y5brid H,, serves to iecimbinbie signals piassoig frotil points 5 and 7 adung lines L4 and
LO,. respectively. By a rnamhemnatical process similar to tile f'oregoing. outpi.: B at point 17 can
he showni to be

l 0 -Mt

thuts providing the remaining member of .a pair of ciaadrature outputs needed for (the pola:-

11ýe angle 0 of' the polar strobe- i~ tc'~

I t is generalfly d esirable to lim it thle angular vat t at ions o f'Y to I maximumn of' 360' to avoi~l
e-mbiguity- For a f~requency range oit w I to w I. tl'is requires that

AL
V3

in which V0 is propagation velocity in the transmission lines.

CONFIGURATION AND PERFORMANCE

Foje pukiloses of- Llelt atotl evaluation, the inicrostrip dimcrim inai Ior ha-, init ially be:n

eti-iupped s% Ith WiAVeguide-niounted w idehand detectors. This tonfigurit ion is illus;trait-,1 in

figure 4, Future plates call for detectors to bie moncitted in hybrid WC forml dirluetly' On thle

%~lbstrattc
~rclniminary performincc daili are con Lai nLd in figufes 5 and 6. Figure 5 shows ;I polar

plot ofi~t f-requiency sweepi from 2.5to 40 Gilt. with a market each 0.5 ( IAi. Figure 6 iý ,

jilot of linearity. which sl~sa maximum deviation Gof about ±200 f'roin i n ideal szraigitt line.
ii'preliminary nature o!' these performance data is again emphasized. andI it shoul~d be, noted

that the u.seriminator is still under development. Tile information coi,tained in figures 5 anid

6i wa's. In f'ac.t, obtained approximate-ly 2 week% after the discriminator'-, tirst operation in thle

labora:tory.
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D)ISCRIM1INATOR ('OMPONI NTS

The reverMt-V i;, l'ybr id ring Iiais liceii used in %. iilt% iorslorS at lower Ireq nence is for
many years. Ili suicha hybrid rnin. widebland 11cra*, rnianm-e is olitined by replacing [thc :onven-

tional hybrid ring's 3X/4 irm with i A!4 .ii-in, including a tiequent~y-insensl Iive reversal of phase.2

In minmrosirip. this caii be ictm li.edby l-abricatiniz a uinig structuire with tour X14 arms and
installing at -t". 1st In 011C 010 lie% fn or thle j rposc of philase uevursal. The tv's~t consists lit

a sioit I lngth of' parall. 1-iil-ite LI liCtic wich is ph isicdll twis.ted to invert thle ends of thle line.
It hi~ls been l0ui11d 1111at inicin1StFtp line Canl be taplered oi*l in a very s~iort distanl.Ce to torim

parallei-ria*e line !'Or thle pi-ijrp ofe. inuas tg lthe rt.quired twist flie phase rever' i canj thil ti'.-[
in: -oduced wit hunt serious lo- 'it perfor-niance. This tochnique was leveloped J. ke~ndel
of NFL('.

Perfor`1Mance Of thle 2o.5-40-G14-l icisepae h'.'brid ring is quite good over the entire
band. aird ,rohably beyond Ociexc bandwid thsi have been achieved ii; ic wer freauenec ies with
hybrid; ef simila; design. I lyhrids of lthe type used rii th. d iscriminator hýave heel) found R
proviJe isvtatoil oM 20 dil ior 1better thirougliout the hand while mairitairing ai uniformity of
power split I h11inl d8B. Input V'S is lvpical'y less -hall 1.31I throughoult the haind w~ithu
three ports terminated in t heir chiiaf cieriu iv inup-d aiice

T'ýbra "cled -i ni :oupieti used i llnth prese!;t fliscrirnui ~wtoi circuit ;lta consideraoly less
handwidth LJp.ahility thi-i the rvverse-plhaý-: hybrid rings. Altitoigh a rcason..lly goiod power
split is ohtain-bie %witii such a tinit oser at lull waveguide hai.d. the VSWR increase% raher
shartily near flthe bnd ed cc'. I inearitv otl the' I imrinli:ftnir Wo"idd ort~i.-d' h, ,.n,..i-

better widenand ~)0 hybrid nould be placed lin the circuit. A hybrid utilizing a coupled-I. -te
stucture might (ltcr impro.enieot ifi tbirkation difficulties could be overcunw.

REF""NE

1. Wiley, R. G , and Williams., 1-. MI., "Spectruin Display I., Instantaneous.-Microwaves.
Align -;tI 1 ';70, p. 14 -4 .

2. ~ miuki.W'. V- and 1 lylix\ X. I- " .% W ide-Hjiýin Ilytluid Ring 1oM 1111F, Proceedings of,
the I RI . Jainuiuvry 3 p~
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MILLIMETER WAVE SOLID STATE ¶

RECEIVER AND TRANSMITTER COMPONENT DEVELOPMENT

by

J. E. Raue, F. J. Bayjk, A. I. Ohashi and L. T. Yuan

TRW4 Systems

Redondo Beach, CA 90278

INTRODUCTION

Increasing interest by the military in the EHF band, particularlv in

the 35 to 40 GHz and 55 to 65 GHz bands, both for communications and electronic

wariare applicrtions, In high performance systems and subsystems under-

scores the need for deieloping critical component technology in these

frequency bands. These include transmitter components such as solid state

ampllficrs, power comtining technilues, ,pconverters and frequency sources,

as well as receiver co•ponents such as mixers and LO sources. In addition,

rupporting components such as filters, hybrids, circulators, switches, etc.,

are of interest.

TRW's development emphasis his been on high performance, broadband

components. These state-of-the-art millimeter wave components have been

generally designed for wideband operation in order to provide maximum

flexibility for applications (spread spectrum communication;, frequency

hopping radars, high date rate analog and digital systems, nroadband radio-

meters) and - operate over a temperature rinpe.

TRANSMITTER COMPONEHTS

Stati,-of-the-art performance of several key transmitter components is

described.

Broadband Varactor Doubler/Upconverter

This component was designed as an upper sioeband doubler/u :onvertpr

capable of efffciently upconverting a 2 GHz wit! S-band signal to Ka--barn1 .

This unit represents two components, a frequency doubl - and an upconrerter

couftined into one - using a Ku-band pump (at approximately 17.5 GHz) ir:

S-band sinoal (2 to 4 Gilz) is upconverted to a Ka-band out. Ut at 31-39 GHz.

D;- i



This component is shown in [igUre 1. The three ports, waveguide output and

oump, as well as the coaxi3l IF input port, are clearly visible. lhis unit

exhibits a 1 dB bandwidth over 2 GHz, with an IF to .F conversion loss of

less than 3 dB and an UF conversion efficiency of 1? dB, including Isoldtor

and filter losses. The RF output ,)ower is 5 nW.

w

Figure 1. S-vo-Ka-Band Upconverter with 2 GHz of Bandwidth.
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L9ow 0 Ka-Band Power CorbIner

A series of Ka-band cylinL.rica: resonator type combiners have been

developing a% depicted in Fiqure 2. These include bo,, wavequide coupled

,extremr .eft and right) and coaxial ine couplei combiners (center).
These circuits which combine power Irom six ;,divid.ial coz'xial circuits

p'riph'.!y spaced around and magnetically coupled to the: resL'na,,t cavity

have been operated both in th, fundament-[ TH01 0 ",,)de 3s weil as in ,he

TM0 20 mod-:., with co!'parable resuilts at 33 and 37 GHz. 'Itilizino sýix

typical 100 mW diodes, toLal output powvr of 500 to 600 mr! was oitained at

cperating junction te.:per,1tures below 2Ui0C. Operated as inject ,on locked

ampU.fiers, exterr 0.! Os ,o, ow as 20() hdve been measured..

L t- 3



Avalanche A~pl tiers

A variety cf millimeter wave avalanche amplifiers nave been developed,

both at 35-40 GHz and 55-65 GHz range, as summarized in Table 1.

Table 1. Avalanche Amplifier Performance Summary

Output T
Frequency ?ower oJ Gain

GHz mW Efficien'.' C dB Bandwidth .• x B1 Amplifier Mode

37 200 3.5%, 17 0°C 13 2.6 GHz (Two-Staae) Nenative
Resistance

31 300 '.0% 1800 C 25 0.2 GHz 6 GHz Tnjection
Locked

64 ISO 6.4% 175 0 C 12 1 6Hz 4 GHz ,egaaive
Resistance

55-65 100-200 5-7% 2000C 23 1.3G, Z 18 GHz Injection
I rrked

Jtiliziiig single drift Si diodes, amplifiers have been developed to

operate in the negat've resistance and injection lo-ked mode. Empha',is is

or, reliable operation at reasonable junction temperdtures. State-of-the-

art oerfrnwmance was achieved at V-band with an amplifier exhiiting 6.4

percent power added efficiency with a junction ter, perature rise of 175°C,

as well as with an injection locked amplifier with 1.3 GHz of lockinq-

bandwidth at a gain level of 23 dB, for a voltage na, ;-bandwidth prcduct

of 18 GHz.

D5-4
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RECEIVER COMPONENTS

On the receiver side, high performance front ends have been developed

at both Ka arnd V-bands, Typ'cal performancp of the Ka-hand balanced mixer

preamplifier, for example, is 7.5 to 8 dB noise figure (SSB) with an IF

centered at 600 MHz (measured over 400 MHz of bandwidth). This component,

including short slot rybr)J, iF Shov.n in Figure 3. At V-band a compact

Figure 3. Ka-BanJ Balanced Mixer- Preai-iplifler Receiver Front End

mixer-preamplifier was developed with 9 dB SSB3 noise figure m.easured over

a 600 MHz IF frequency range (centered at I GHz).

D5-.)



Fiuue t. V-Badr •'55-65 GHz) ka~anfCed Miixep re Pr.pitier

The IF amplifier of the Ka-band unit utilized alumina substrate, the

V-i-and unit features a 1 x 1/2" sapphire substrate, Ga's mixer diodes

are used ir. the V--band unit, the Ka-band unit utilizes Si mixer diodes.

Both typically operate with LO power levels of 5 mW.

PASS !VF COMPONENTS

A number of key passive components ar2 required ini 6eveloping ccmpllte

RF trarsmitt~r end re'eiver subsystems, including filters, circulators,

transitions and 3 ,B hybrids. Table 2 summarizes the performance of these

ccmporents. The unique co,'ýnon features of those components are that they

dre all electroformed and fixed tuned. Emphasis in design was placcd on

truly high performance and high reliibllty - both were achieved. For

examole, two Ka-band short slot hyvbrids are st.•owr, in Figure 5, flankinq a

Ku-band split-block hybrid. The s-ocl.rofcrised Ka-band hybrids exhihit a

ceesign bandwildth tif S' GI-7, a MiXiinuI71 V(.111P __;nhalarce of C1.25 dB, 0 minimum

Cf 25 JB isolation and a l.1 VSWR.



g M-

TABLE PFPFORMANCF SUMMARY OF ELECTR,"FORMED PASSIVE COMPONENTS

eL~ "er Insertion
Freq-jerocv Loss Isolation

CoCoDn•en 2G"z ! Ban(.widtn (dB) NO VUR

3 dB Short Slot
Hybrid 30-2' 4 GHz 0.2 25 1.1

Fixed Tuned Band-

Pass Filters 30-38 400 MHz 0.2 --- Y1

55-65 c00 ?+Hz O.. --- 1.2

High Pass
Filters 30-38 -. 0.1:" 30* 1.,

Circulators 55-65 2 GHz 0.3 0 1.15

WG-Coaxial
Transition 3 5 GHz 0.2 --- 1.2

*1 GHz Below Design Pass Frequency

rZ

Figure 5. 3 dB S:,ort Slot Hybrids
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An electroformed 55 to 65 GHz circulator is shown in Figure 6. This turnstile.

Y-junction design typically has a bandwidth of 2 G1z, an insertion loss of

0.3 dB and a maximum VSWR of 1.2. No dielectric material of any kind is used

for matching, couplinn or ferrite support.

I-

1 2 a 4 5 6 7 0 9 2 3 4 6 7

Figure 6. V-Band Waveguide Junction Circulator

The fixed tuned filter capability at TRW encompasses high pass and

bandpass filters, including three and five section filter designs. Total

absence of tuning screws results in lowest insertion loss and highest

unloaded Q. Unloaded Q's of 80 percent 0t theoretical have been repeatably

achieved.
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Firqure 7 shuw! two V-Band fixed tuned bandpass filters, &ne filter cut

open for view. The fixed tune filter capability was oririlnally established

%4

IOigure 7. Fixed Tuned V-Band Bandpass Filter

at V-Band arid subsequently scaled down to Kd-bard and further developed. .
Some'typical performance data is shown in Figure S. This unique desigjn

capability ias recently been expanided to include a range of bandwi'lth from

"0.25 to 6 percent.

All components have been evaluated over temperature ranges typically

50 to 1001C with only minimal changes ir performance.

AC KNO WLED[G EM1ENT

The siignificant contributions of W. Piotrows'k-, G. M. Yamaguchi and

R. S. Alhite to this work are gratefully acknowledged.
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-i)SIGN I
C[NT!E FREQUt NVY 30 5 .,Hz
BANDWIDTH 400 MHz THREE -POLE FIX[) TUND ILTER

30 DEIG
.10.3r CETR t(Wl4NCY 'ACH

SANOWIDTH 400 MII\/

g20 1

Z/

101/

S-0.3-
101

26 i9 31 32 i.9:,• 29 )o 3130.05 30. 18J l 30.290 .30.5 -30.825• jJ.•8 .]1) :

FREQUNLCY IN GIrUI F R| U NCY I r GH.

(a) Three-Section Filters, Including Expanded Scale

30 i I

* FIXED 1 UNED FIL7ER NO. 6 1

25- t "..... ' DESIGNFo 36.9 GHZ

BW 935 MHZ 2?.5t-
N .. I . N -5

3 000 THIORETICAL*0 .....i /(' . . .o .• .o.

.c •• ', : : . FI:
Z. I. Q '0~lr ACTUAL

* a , 1. .. , I

z

O i

0 .. i ........ 1- IL .. .

3!. 0 3.5.5 36.0 36.5 37.0 37.5 38.1", 38.5 39.0 -

FREQUENCY !N GHZ

(b) Fi ve-Seccion Filter

Figure 8, Comparisoni of Theoreticail and Measured Response of
Fixed Tuned Bandieass Filter•' i- I .~ ~... ........................ I.....".-......I "I I1



JOSDWr-3VZP T DETECTUS
AT MrLLDNK. M AND SUMILL M IV4fLENGTItS

by
Itchard C. Brandt

Office of Naval Research
1010 E. Green St.

Pasadena, CA 91106

ISTODUCTION

A Josephson Junction consists of to euuperconductor*: tdhich are weakly

connected so that. electron pairs (which are the current carriers) can

from ome supercondictor to the other. The Junction can take the fcrm of a

thart metal point making con &ct with a metal block, two met-1 films sepa-

rated by a thin oxide barrier or a single metal film whose width or current-

carryinX capacity is locally reduced.

One remarkkble aspect of such Junctions, called the de Josephson effect,

is the fact the, a steady current can flow through the Junction .n the

absence of an applied voltage. At voltages large enough to break the

clectron pairs, the Junction becomes an ordinary ohmic device. At

voltages less than required to destroy the superconductivity, the current

which flows oscillates at a frequency proportional to the " . voltage.

This phenomeuon is known as the ac Josephson effect and is Important for

detection since extrerely weak external signals can interact with this in-

ternal oscillation giving rise to vAriouL frequency conversion processes,

such eP mixing, rectificatior, and parametric amplification. The upper fre-

quuncy limit for such processes it in the submillimeter range whan the

photons bacome sufficiently energetic to break electron pairs.

Equivalent circuit representations are available for a:-lyzing the

behavior of Josephson junctions in detector configurations. In i ie sle.plest

model the Josephson Junction is reprevented by a perfect Josephson element

shunted by a small constant resistance. The Josephbon element is highlv

nonlinear: the current through the element is proportional to the sine

function of the tim-integrated volt ge across the elemenz. Analog &imu-

lations have been especially valuable in studying such circuits and have

provided the understanding uscesnary to construct well engineered devices.

T)6-1



DETECTOR PEIj'ORMAt

In Table I a comparison is made of the best operating characteristics

that heve been achieved at 1 =m vvelength for various locoherent detectors,

both superconductor and semiconductor types. The superconductor bolometer

has both the lovwst NEP and the largeot inpuc bandwidth for this clcss of

detectors %hich S,•ves it thm cepobility of tesolvtng target reersture

ditffrences smaller than 10-2 K for a i second integration time. The sensi-

ttvity of this dwvce is expected te remain constant chroughout the milli-

meter range. The only disadvantage of the superconductor bolnbte! tos its

relatively slow response tiin of 10 to 100 ms.

Tabe 11 givies a comparison of varinus coherent detectors at 1 mm

vevlefnath. The performance of GaAs mixers is serious•.y degraded above

wdcrowave frequencies. The InSb hct-electron mixer cooled to liquid helium

temperature has very high sensitlvity tip to 1000 GCHl, but is inherently a

very narrowband (2 MHz) device. It is predicted that the S .e NEP (2 x 10-'

Cen !b2C lvad vhb a ios. n "m. w. hich . ---' W1

greater bandwidth (20 Wi}'). Thir performance has been dewnstrated at

36 Oz, end preliatnary measurements wc 144 GHz are encouraging.

SIPOIMY

Jicephson-*ffect detectors have become covpTtittie vith s•nicon-suc-

Cor devices in the millimeter region. Conrinutlttu search on ouperconduc-

tot dwtQc.ors, particulariy on parametric amplification devices, could

lead to further aubutstttial itprovements. In view c-. the Navy's cotmit-

mant to developeeut of cryogante ship propulsion uachinery. serious cenrid-

oration shound be given to use of Josephson-" fecc detectors in future

ml 1 lmtaTsr-' ve systems.

zU71FMRFCES

1. ProceoAlndg of the Internat 4 cnml Confcence on the Detectton and
Etission of EMectr•aagnetie Radfat*_. . by Josephson Junctions, Revue de
Physique Appliquee, vol. 9 (1974).

2. A. A. Per.ns and C. A. furrus, Annual Reviews of Astronomy and

AstrophysicH 11, 51 (!973).
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UNCICAS S IF D

RE.CI PROCAL MMNDlONiZEC1PRt0CAL ~P"SEKS FOR~
USE AT KILL1W.1ER WAVEtLENGTHS

Lawrecne R. Whicker andt Charles W. Young, J-.
Naval Research Laboratory
Washington, D.C. 20375

I71,0MICTION

H~igh perfc~rmance millimeter vsvelength phase shifters art; nee~ded for

riectrctically icanned phased array Antenna&, and faz perforni-a various

conatrol functions *uch as switching in radar, commsunications, and electrornv'

warfare ay~tetas. As at lower frequencies, there are pre~sently two phaser

configurstiowts whiich &re suited for use in Vhe 20-100 GI~z range. Thes-'

phaser types art thte 'latchkng, toroidal, nonrcciproc.s.11 phaser (1-3) Snd

thw !atchirtg. dual-swede reciprocal ph ~ser. (4-. ,)

Inthis paper, tht profoent state-"z-the-art for toroidal., nonreciprocal

pt-aiers and dual mode phasers ace reviewed &a%! projected rerforuance for

there phiascr typesi are prevented. A..4itionally, a current program at the

Msvsl ltsesr -Ibertor- i~e described. This -rogarmn is att''iptintin to

brrnaeae the opersting bandwidth of t~e turoi~dal r~oureciproc.L1 phase shifter

t..ý cover the 26-40 (;hrange.

TIM. TOROIDAL NMEMCIROCAL I'HASER

.orkc- the toroidal. voLaciproz-ai l-:iaser has beei- underva)v in the

',nic-d :-tts.et since early in 1963. The basic operating meChbin8Ib of this

tnape of phaser is re~i~ewed fin Figure 1. Figure Ika) show-- the ievrimac-

n..%t toroid cer~tered in ei ther a standard or reduced wi~dth wa ieguLde,

i 4Krresi(b) and 1(c) rc~vla~w the ý.wo typea of constvoiction viiich are itormally

u-.1liz~ed. Cc-rputer progrsa are utilized to optimize the phaser designs

3L center frc~quecic ri;ng~rvg frow ab--at 3 to 35 Ch... In de3i~riing such

pha.sers, it is desire-4 tc selecL. a £errimagne-ic man:eria1 such Cha.. b

fixed remanernt flux density to opr-tating frequ~en~cy i~s ~arar.How~ever,
v~t frequencics -jbove s.,>out 31' Gliz, tLis. cauinot ba dotte. The choice then

ii tc. use ftaterilas 'Aavi-ag 1., largest possible. Iaturat~ioih magnetization

v-~tillc w&14l.taLnking a good %u.areness rat~o . Nic~kel zirc ferr~tes an!

L~tthium titantum terr'-tcs offer the highest available t~aturtia~n moment of

about 5.000 gauss.

;*4( 1.ASSIF1EID
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UNCLAS1 IFIED
PF egetu Performance

In 3966, Stern and Agrios (6) reported on a 35 i.az high power switch

using 900 ph&ae shifter e.ements. A similar geometry was used b-" Whicker,

Degeiford and Wantuch (7-8) in investig-.tirvg phase shifters in trle

35-"4 GHz region. The geometry used in 35 GHz ;.id /5 r.Hz designs are

uhcwn in Figure 2. Phaste shift data obtained using two Nickel Zinc

matericls are r,.own in Figures 3-4. Seie:al 35 GHz phasers have subse-

;uently been fabricated. Phase shifter properties for 35 GHz units and

projecte, perfoinaance tor " 75 GHz unit are listed in Table I. It should

be noted 'tat because of severe tolerances and present machining capability,

the data !tsted .n 7igure ý is not for a truly optimized 75 GHz phaser.

it appears that to-oidal designs are best suited for u;e below abou: 60 GHz.

Table I
NONRYEIPROCAL PHASE SHIFTER PEI.FOR!ANCE

f.C 34.5 GHz 75ý5 GHz
Baudwidth 34 - 35 GHz 77 - 77 CHz

I:,sertior. Loss 1.5 dB 3.5 - 4.0 dB

VSWR: •1.25 1.25

Switching: 3 3it or Flux 3 Bit or Flux
Transfer Transfer

Length: 3 inches 4 inches

DUAL MODE RECIPROCAL PHISER

In looking for a phaser geometry which might be less tolerance

sensitive than the toroidal type, Ehe dual mode reciprocal phaser is con-

sidered to be a good candidate. A test phaser has been fabricated. (9)

In this phaser a center frequency of 35 GHz has been used. The phaser

design is showni in Figure 5. The basic concept :s shown schematically in

Figure 5(a). Her-, linearly polarized energy -n rectangular waveguide is

passed tthrough nionreciprocal poLarizers and is converted to either left or

right circular polarized energy in qtiadtantally syummet-ic waveguide, is

phase shifted and reconverted to linear polarization in v:ectangular wave-

guide. As indicated in the figure, a metal fixture-hoising is used vhich

UNCLASSIFIED
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prcv-Vles acce.ta to the phater for tuning of the nonreciprocal pol-ctzers.

Phase f "t dati f'r the 35 GHz unit are given in Figure 6. The

vr'ticr performance par3meters for the phaser unit are as follows:

Bjtndvidth 34 - 36 GHz

Insertion Loss -. 2.2 dB

VSWR - 1.3

Length - 2 inches

Other tha-, precision grinding of the ferrite rod which forms the body of

the phaser eleý.e-t, only standard tolerance parts have been used.

Computer computational techniques h..ve been used in designing and

predicting the performnce of this unit.

In ald tior t) the 35 GHz phoser design, cooputer designs for phasers

centered at 55 and 95 Gllz have been prepared. The predicted loss

cbararteristics for these phasers are summarized in Table II. It is

.otere.iting to no-.e that material dielectric losses predominate at the

higher frequencies, in general, the dual mode phaser appears better

suited for use cbovE 35 GHz than the toroicial type. Loss restrictions

ra ther LiktLi LUl.LeCA&, p..t & & a-e euper.ti Ld Lo . ... . , .. ... .. . . ..

bouno for use of this phaser.

TABLE II

CALCULiTED LOSS FOR DUAL.-MODE PRASERS
FRkQ. COND. LOSS DIEL.LOSSl MAG.LOSS TOTAL LOSS
(GHz) (dB) J (dB) (d5) (dB)

33.0 .647742 671936 .455419 1.775147
"34.0 .617772 .680217 .422221 1.720220
35.0 .59149' .6893 7 .392912 1.673754
36.0 .56827, .699191 .36b848 1.616875

37.0 .547628 .715052 .332770 1.585960
50.0 1,010916 .996375 .224il7 2.232006
52.0 .946206 1.010553 .202189 2.158951
54.0 .892059 1.027143 .183219 2.102711
56.0 .84b123 1.046387 .167035 2.05954358.0 .806698 1.066971 .153073 2.026749

60.0 .772529 1.088862 .140919 2.002315
90.0 1.583211 1.749832 .066403 3.399442
92.0 1.531693 1.766884 .062749 3.361328
94.0 1.484813 1.785147 .05941? 3.329370

S96.0 1.441991 1.804462 .056367 3.302827

98.0 1.402732 1.824697 .053565 3.280996
100.0 1. 366,24 1.845743 .0 0983 3.263345

UNCI7SS3IFIED
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NRL BROADBAND PHASER DEVELOPMENT

A system requirement has dictated the necessity for a fast switcbing

(< 1Icecoed rwitciling) phaser to operate over the 26.0-40 GHz band. Th'

switching speed requirement, in turn, precludes the use of th dual mode

phaser and leaves the nonreciprocal toroidal phoser as the only candidate.

Computer conputational Lechniques hay, been utilized to investigate

the .,andwidth characteristics for candidate geometries. Figure 7 gives

plots of phase shift activity as a functic of ferrite toroid geoeietry and

as a function of dielectric loadin3 within the toroid slot, Figare 8,

shows the .imount of variation in differential phase shift which may oe ob-

tAr.ed by selecting a fixed I'ielectric loading and slo. width (ed = i6,

t - 0.015 inches). As indicated, a toroid width of Mi.03 in. provides the

f].attest differential phase shiit across the 26-40 GAz band.

At this time, the computer des gn of the phaser element has been

completed and present effortv are addressing the fabrication problems

wiLLI L161t vtkyhiZ, s ofL~~J~1.i I Lliis piast*-r. iAs wirii iower

frequen•cy to-oi-al phasers, two main problem areas are eicount. -ed. These

incl.ude:

1. Intimate cisntact between the wavaguide walls and the ferrite

toroid ire required. Air gaps or %.neven areas introduce insertion loss

spikes across the bandwidth of the device.

2. The Nickel Zinc ferrite material which has been used to date

is magne Gitrictive. Excess pressure eAerted on the toruid can produce

undesired changes in loss and phase shift.

Structures which are being investigated are showt in Figure 9. Thus

far, the results obtained with the structures shown in Figures 9(1) and

9(b) have been encouraging. ExperimpEts with che structur - shown In

Figure 9(c) will be initiated shortly. In the present experiments,

Nickel Zinc materials have been used. Fperimencs using high saturation

moment Lithium Titanium ferrites which ar' less magnetostrictive wil be

started within the next few tuonths.

UNCLASS] lED
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CONCLUSIONS

Based on past and present experiments, it apietrr that good qual!A-y

fe :rite phasers may be realized to opezate tbroughout the 20-100 GH2

region. The toroidal, nonreciprocal phaset if best suited foi uae below

about 50 GHz. Above this frequency, manufacturing tolerances become

untolerable. The dual mode reciprocal phamer can readily bt fabr.*catel to

operate throughout the 20-100 GHz region. Material losses t2nd to beco.me

excessive, however, near 100 GHz.

A present NRL program is attempting to realize a broadband, non-

reciprocal tonoidal phaser to operate across the 26-40 GHz b•nd. A

computer design of the pha-er has been realized aid pý.elbixinary elcctricul

meauurements are eucouraging.
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1. Toroid and side walls are glued together
using polystyrene spacers.

2. Four mating surfaces are ground and
polished.

(a)

I•Ž213i 1. Top and bottom walls of ferrite toroid
_..... .. ._ _ ,are metalized (Cr-Au)

r[2. Flexible top wai: in erea of toroid is
Lus ed.

(1))

Waveguide well is plated or electroformed

directly abo-i ýerrite and alumina
structure.

(c)

F1Gtrrl.E ;

CONS. RUG.TION DETAI LS FOR BROAJBAND PHASERS
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A 95-GHz PRETRIGGERED RECFIVFR PROTECTOR

by

I-L Goldie
Westinghouse Defense and Electronic Systems Center

Systems Development Division
Electromagnetic Technology Laboratory

Baltimore, Maryland 2i203

The purpose of this effort is to develop a radar receiver protector

(RP) that will perform simultaneously the dual function of a millimeter-

wave receiver protector and a high-current video switch. At present

there is no device which can provide low loss protection at 95 GHz with

50 dB oi more of broadband (60-100 GHz) isolation. The need for

broadband isolation is due to the spurious nmoding of rnillirmeter-wave

multi-kilowatt magnetrons.

The device shown in figure 1 consists of 6:1 oversized WR-12

waveguide filled vith low-pressure hydrogen gas, slotted sidewalls in

the waveguide for orthogonal L,:ant-curre-nt pa!esag':, a pair cf inmpedance-

matching tapers (figure 2) within the vacuumn envelop,, and sp'ciaily

deve'-ped wide-band, low-loss, high-temnperature pre windows.

Th. waveguide serves the, dual purpose of guiding tin', ,r : and actine

as a tr,.gger grid to actuate the beam. A convergence cone, located be)-

tween the waveguide sidewall and the cathodc., is ttsted to compruss thi

beam in order to obtain high plasnma densities without using excessive,

beam currents or externally applied magnetic fields. 1

This work w,.- sponsored by the Avion cs L..bhoratolry, Wright-1Patterson
Air Force Base, Ohio, under contract F33615-72-C-1 166.

1. A Singh and .1. Rowe, I'Innhancen: nt of tl sn.,i be :nsity in i'n Arc
Discharge, "J. Apl' hys. , (Novembe.r 1967t .CLASSlFI
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The resultant enhancement ratio of the plasma d,:nsity at the cone

exit relative to the value at the cone entrance has been measured using

Langmuir probes under conditions where electron losses to the metahiic

cone wall art smnall. The plasma density enhancement method is

compatible with small waveguide size becaus,: the plasma enhancement

ratio, above a certain minimum cone exit area and except for a slight

de-pendence on electron temperature, is proportional to thc cone

entrance-to-exit area ratio. Thus, the cone exit area is made compatible

with the total are'a of the waveguide sidewall slot openings necessary for

beam current passage.

Preliminary r,:sults concerning the theory, development, and low

RF power evaluation of a 95-GHz plasma waveguide switch (PWS) were
2

presented at the 1970 I1I)M; the hasic niodl:l for the analysis of small-

signal attenuation is shown in figure 3 and the computetr-run solutions

are shown in figure 4. The pre:sent paper concerns high-power experi-

ments using an 8-k%, 95-GHz pulsed magnetron to obtain data on the

PWS when used as a pretriggered rceiv, er protector. The results show

spike and flat leakage power levels of 20 mW for RE' power 1e' els up to

4 kW and under I niW for powe, I evcls of I kW; re:covery tiues undcer

0. 5 microsecond have, been obtain,,d. Th,. e.xternal R]F characteristics

of the 1R1 are ctep,.nrl.nt on the pr, - -xeitttion beaiu current magnitu'ie.

"The beamr current is contrullI.i oeer a range,- of 5 to 100 anpeures p,.ak

to obtain a prenetc:rmidned fix'd d( te r.t . ý,f RV. isolatio n.

"The- fixed isolation, nitasurs.d with a low-anipl;tud e 95-GIIz prob-

ing wav-, represents the nminimlen; attene atier of th,. pr,'triggered device

with th,. beam on. The data is given in figeur'. 5, tu, .ind 7. Previous

m,-asurt,ni:nts using langnmir probes have, shown th,: electron dens.ity

2. 11. Goldi,', "A 00 to 96 (Ili/ la st Acting l'lasma W\aveguide Switch,
1121. I. -70-C-.45-1'tI, (October 1970), pag, 10.
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Ft
under these conditions to be approximately 1015 e/cc. With the 4-kW

RF pulse incident on the device (figure 8), an intense RF field is super-

imposed on the pretriggered dc field, resulting in an increase in plasma

density with a consequent increase in RF irolation. The high-power

data is shown in figures 9 to 11. The beam is pretriggered by a few

microseconds to allow the buildup of electrons to equilibrium values

priox to the RF pulse arrival. In our experiments, RF pulsewidths be-

tween 20 and 200 nanoseconds were used at PRF's from 100 to I kHz,

and total gas admixture pressures of approximately 100 to 400 mtorr

were used.

RB insertion le s has been reduced to 0. 8 dib, as shown in

figures 12 and 13, by developing an RF choke whose diameter is much

less than the diameter of the glass-bonded mica window. This pre-

vented any significant RF current from reaching the glass bonding at

the window periphery, thus keeping insertion loss down to 0. 2 dm/

window. The windows were individually tested at 3 kW after low-power

evaluation and hermetic sealing.

The RP design has evolvA- to include a keepalive electrode that

draws a constant but small current of 50 mA. This creates a glow

discharge which establishes a virtual cathode a short distance from the

actual cathode. txpevrirnents show improved starting characteristics

with relatively small pulse-to-pulse jitter; additionally, a longer

cathode life is expected relative to the no-k4:epalive diesign due to

reduced back ion bon0jardnicnt.

The RP is so designed that low-iewvl insertion loss tests can be

ruýn separately on the windows and on the %vavgulu(e body prior tu

conimitting the windows to the device in the linai brauzing proce s-;. Lx-

permnental data to optimize isolation and recovery time' will also be

discussed.

IJNCLASSIFIED
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Figure 14 depicts a fail/safe circuit using the PWS as a pre-

triggered RP and a dc switch. Experiments were performed at X-band to

demonstrate feasibility. Figure 15 shows the actual front end to be used in

a millimeter-wave radar; overall noise figure is about 9 dB, and gain is

L about 20 dB when measured from the input port of the R1l) to the output port

of the 1-1. 5 G1lz IF preamplifier.

UN CLASSIFIEI1)
1)6-4



UNCLASSIFIED

VACUUM ENVELOPE PREE .~WNOSSR
NOT SHOWNAND -'IOW

INPUT OUTPUTPOR jPORT -

GROUND~ VEGUIDE WITH BEAM

-7PASSAGE GRIDSLT

BEAM XINVERGENCE
IN 'SEGMENTED COE

BEAM. CURRENT
PLASMA

HEATED CATHODE
HEATED HYDROGEN_ 8989A-VA-I-2
GAS REPLENtSHER

Figure Ia. Ftinctional Sketch of Millii eter-Wave Plasma
Waveguide Switch

IMPEDANCE
/MATCHING

TAPERS TALL WAVEGUIDE
PRESSURE

______WINDOWS -BEAM

U ANODE

U 

Ku

ANODE PIERCED HpE
SIDEWALLS CONVERGENCE CATHODE

TOP VIEW CONE
SIDE VIEW

Figure lb. Diagram of M~ii~imeter-Wave Pliania
Wzavetguide Switchl
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A. SLOTS B. COMPLETE WAVEG UIDE
IN SECTIONAL VIEW

I .~' 1 -W903-88-6

-igure 2. Photo of Body Showing Waveguide Sidewall. Geometry for

Beam Passage and Two Impedance Transformers

TE10 MODE
OVERSIZED
WAVEGU IDE

ELECTRON I
BEAMwz

ddd

Figure 3. Model Usedc for Comnputation of Sm-all-Signal Attenuation as

a Function of 1 lectron Decnsity and Fýre2quency from Computer

Solutions of Wave-Plasma Tr-ansmission l.-quations
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Small Signal Attenuation - 7-dB

, Dynamic Range Shown.
Actual Attenuation over 30 dB.

f-• Anode Voltage = 5 kV/cm

-- Beam Current 50 A/cm

X s1 pec/cm

PRF = 1 kHz

Sic 74-0194-PA I

Figure 6. Upper Trace Shows interrupted 1-rmW CW Probing Wave at

70 GHz. Switch-on Time < 0. 25 sec and Recovery Time < 0. 25 i' sec.

Small Signal Attenuation > 30 dB for 2 [1 sec.

, CW milliwatt power detected at load.
Interupted CW is due to PWS triggered

to "on" position. V _xis shows

approximately 15 dB attenuation;
actual attenuatiorn is 34 dB.

i PWS beam current streqnh is
50A, 3-jsec duration. Y axis

is 20 A/cm.

71-0903-BB-20

Figure 7. isolation and 5witching Times for S5 at 96 GHz
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Circulator-Inline RP Duplexer Radar Configuration
LL.oad VT

" ~~~DIX 423 . -...
Magnetron

A_• PWVS ] RCVR

P T8.5kW I dB • dB L 0.8dB
T

if ~95 GPz
3-dB Circulator

Short x
Slot

VariabI.' Short

Minimum loss between points A ano B was measured at 95 GHz to be 3.7 dB.
The variable impedance at port 2 gave a 33-dB variation in power range.

Total System T-R Losses:

Transmit Losscs I dB
Receive Losses - 1. IR

2. gdB
;4 G 194 v!i

Figur'e 8. Sin)L]ti d I ,'" l.%l),' rir -,nt t-sijug w~ S s,- a

Sre t t r -ig1r<, ice .i v:r Ilrotcctor
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Beam Current:
40 A/7 ,asec X 1jusec/cm

Detected RF Pulse:
4 kW/,00 tisec

i X =40 nsec/cm

Leakage Spike: SI00 mW/l nsec

S9

PRF 1 kHz

I ; 95.7 3Hz

Figure 9. Input and Output RF Waveforms at 4l0-Anmp

Beam Current

'I-I

Figure t0. Leakage Pow%,er as a Function of Beani Current
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X Small Siqnal I sodtion Qi mWl

7 -aroe Siqnal (4 kV) Isolation

S9
RF Pulse 200 nsec

50 Frequency - 95 GHz

PRF - 1 kHz

Isolation 40 - p Slope-4 dB, A Gas: 100 mTkr
(dB) 

-,200 rnT H2
30 S~earr Du;ration 7,",,,r,:

20

0 10 20 30 40 50 (g)
Iioar-.' C itrr;/ t ,wiAi

Yigur. 11. RI \ttniii.ti,.i, is a t ii. tiomi kf Ban, Ctrr,.nt

I "NC LASS IFIID



UNCLASSIFIED

I

1.3 S6 PWS

1.,2
V'-WR

STANLING WAVE RATIO
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Figure 12. Mvasurt-d Point-by-IVdirt VSWR and Cold Loss
Data of S6,
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Figure 14. Fail/Safe Receiver Protect~on Experiment Performed at

X-Band (9. 5 0Hz) to Demonostrate Application of PWS to Radar Use I
Receiver Poeo in•eE Mr" (LON S

andure 15. l5eti• Fro Peamplif
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A New 40 GHz Coaxial Connector
by

M. A. Maury, Jr. and W. A. Wambach
Maury Microwave Corp.
Cucamonga, Cal. 91730

INTRODUCTION

A new minature coax connector has been designed and developed to fill

--he gap between connectors currently on the market and 40 GHz. This new

connector, "MPC2," permits coaxitube cable assemblies and waveguide to

coax adaptors to operate higher order mode free to 40 GHz whereas currently

available connectors begin to exhibit higher order mode resonances in the

vicinity of 36 to 38 GHz.

INTERFACE

Refer to figure 1, interface specifications of the MPC2. The dimen-

sions of the dielectric have been chosen to yield both an exact 50 ohm

line and a TE.l mode cutoff of 43.1 GHz.(.) The dielectric and center

conductor interface yield a near perfect coplaner junction when the male

and female MPC2 connectors are mated. The outside of the HPC2 resembles

a standard SMA connector but mating between the two is not mechanically

possible.

ELECTRICAL CHARACTERISTICS

Figure 2 ld b TDR plot of a bfPC2, an OSM, and an OSSM connector

mated pair on .086 dia. coaxitube cable assemblies. Clearly the new MPC2

interface is a better compensated junction impedance wise than either OSM

or OSSM connectors for .086 coaxitube applications. Because of the choice

of a TE mode cutoff of 43.1 GHz the MPC2 is safely useable to 40 GHz

when used with air lines o-" coaxial cable which do not permit TE mode

propagation below 40 OHz.

An application of the MPC2 interface has been made in a .086 dia.

coaxitube cable connector which permits low VSWR, low loss 40 GHz

cable assemblies. A feature of this connector Is that the impedance

UNCLASSIFIED
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matching transformer (See figure 3) between the coaxitube cable line size

and MPC2 connector line size can be visually and mechanically inspected

after the final soldering process. This inspection ability eliminates

excessive heating effects as a cause of cable asserbly rejections at a

higher inspection level. The final asse-bl) of the connector to the

cable consists of mechanically threading on precision machined outer

conductor and connector shell parts. The dielectric and center conductor

interface are gaugable for compliance to the IPC2 interface of figure 1.

A connector -auge kit to inspect these parameters has also been developed

(See figure 4). Figures 5 and 6 show the VSWR and insertion loss char-

acteristics of a typical cable assembly. No resonances of hign VSWR or

loss are present to indicate the existance of higher order modes.

An application of the MPC2 interface has been made in a bulkhead

mounted connector. :his connector has been designed to interface with

proprietary coax to waveguide junction designs which require a .116

outer conductor and .050 dia. center conductor coaxial air transmission

line input. The dielectric bead support in this connector is mode free

to beyond 40 GHz.

Analysis of this dielectric bead in the manner of reference (2)

predicts a resonant frequency at 41.7 GHz, well above :he upper limit

of 40 GHz. Figures 7 and 6 show the VSWR and insertion loss character-

istics of a typical WR28 waveguide to coax adaptor with the new MPC2

connector. No resonances -F high VSWR or loss are present to indicate

the existance of higher order modes.

Figure 10 shows the VSWR characteristics of a WRD1IOC24 double

ridged waveguide to coax adapter (Figure 9) with the new M1PC2 connector.

Again, no sharp resonances are present. This device allows the direct

connection of .086 coaxitube cable assemblies to low loss, broadband

(18 to 40 GHz) waveguide systems.

TEST METHODS

The VSWR and insertion loss responses of figures 5-6 were made

with the test set up of figure 11, and responses of figures 7, 8 and

UNCLASSIFIED
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10 with the test set up of figure 12. In measuring VSWR the test port was

terminated in a precision 50 ohm coaxial air line with a built in sliding

absorber. in measuring insertion loss the test port was terminated in an

open circuit. In all cases, connector and dielectric bead orieatation

were varied in case a resonance existed which was orientation sensitive.

FUTURE APPLICATIONS

The applications of any coaxial connector are obvious. The application

of the MPC2 is to systems which must operate to 40 GHz with no "dead"

spots or frequencies at which systems characteristics are radically dif-

ferent from the typical. A comprehensive product line of connectors,

components and measurement instruments featuring the MPC2 connector is

currently under development in order to realize full utilization Qf this

new connector to 40 GHz. Work is currently under way on a microstrip

version of the MPC2, and on broadband 12-40 GHz double ridged waveguide

transitions. Also, further measurements are planned to determine exact

resonance frequencies above 40 GHz, and mated pair loss and VSWR charac-

teristics of the coaxitube and bulkhead mounted versions of the MPC2.
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FIGURE NO. 3

MPC2 Connector, coax-i.tube imnpedance matching step
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FIGURE NO. 4.

MPG2 Connector Gauge, MIC Model No. A029
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FIGURE NO. 5

Typical VSWR response .086 dia. coaxitube cable
assembly with MPC2 connectors.
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FIGURE NO. 7

Typical VSWR response, WR28 waveguide
to M1C2 adaptor

UNCLASSIFIED

D9-7



I

UNCI•ASS I.SIED

Loss Variation

Scale 1db/in.

26 30 40

FIGURE NO. 8

WR28 Waveguide to K4PC2 Adaptor Loss Variation
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FIGURE NO. 9

WRD18OC24 to MDC2 Adaptor
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FIGURE NO. 10
Typical VSWR response, WRD180C24
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FIGURE NO. 11

Test set up to measure VSWR and loss
of MPC2 cable assembly
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Sweep Waveguide Waxeguide Sliding Load

Signal P- Reflect- oor
Source ometerdAdaptore Open Circuit

Level ing
Loop

tSignifies MPC2 MIated Pair

FIGURE NO. 12
Test set up to measure VSW4 and loss of
waveguis e to m srC2 adaptor

FOOTNOTES:

(1) N. Marcuvitz, Waveguide Handbook, MIT Radiation Lab Series,
Vol. 10, McGraw Hill, New York, 1951, pp. 77.

(2) 'The GR Experimenter," August 1966, pp. 10-13.
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UNCLASSIFIEDfMILLIMETER WAVE METROLOGY CAPABILITIES AT NBS

by

C.K.S. Miller
National Bureau of Standards

Boulder, Colorado 80302

INTRODUCTION

F{• In the millimeter wave region between 20 and 100 Gliz, the

I'3lectromagnetics Division of the National Bureau of SLandards,

Boulder, Colorado, haso metrology capabilities in two frequency

ranges. In the 20 to 40 GHz range partial coverage of meos-

urands exist, whereas a more complete coverage exists in th,

s6.S to 64.5 GfH: range. This paper will highlight the recently

developed cap.abilities in the higher frequei.iy range ( L0.3 to

04.5 GI1z) and only briefly touch upon the lonig-existLi!Ig caa-

hilities in the lower range. These capaoiliti,.,s are applied

by NBS to measuremcnt needs of the technical community in

various ways ranging from regular cal ibrat ion services to

applied mt asur,.,went- whereiin we take equipment an,! peopl1 to

the customer's site.

CAPABILITIES 
iN TlHE 20 TO 40 G11z RANG ,

Low-level CW power can be measured in the 9.1 to 10 mii

range. A regt,;ir calibration service i, available for WR12 and

WR2S, %..iaveguide holometer units with barretter-type or thermistor-

type elements arid for WR42 waveguide bolometer-coupler units

UNCLASS IFIED
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with coupling ratios from 3 to 20 dB [1]. These services are

based on microcalorimeters that have been especially developed

at ';BS to serve as reference power standards. tUsin,. these

i)asic capahilitius higher power levels can be measured using

-elatively simple extension techniques [2]. The actual in-

accuracik s obtained are dependent upon the measurement proc-

usses used, but it is possible to achieve inaccuracies of

O .5% to 2.L'!

Reflection Ccefficient Magnitude

Reflection coefficient ma'gnitude measurements, cf wavegaide

reflectors and of non-reflecting waveguide pcrts are available

in a regular calibration service for WR42 waveguide and in a

special calibration service for WR1028 wavegulde. Reflucti:'g

waveguide ports are sometimes called standard mismatches and

the term non-reflecting waveguide port is used to indicate

that the waveguide fort has been designed or adjusted with the

intent to produce a reflection coefficient magnitude, Fl,

equal to zero. Accurate measurements require the connector

flanges in good condition and the interior surfaces of the

waveguide accurately joined; however, accurate joining depends

upon such factors as the alignment of bolt holes, paint on the

back of the flange that can affect the seating of the bolt on

its bearing surface, and smoothness of connecting surfaces. Meas-

urements usin, flang,;s in good condition and accurately joined

cari p-evide maximum inaccuracies as small as ±(0.0004 + 0.0017I p)

[1].
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Attenuation

Attenuation measurements are available in regular calibra-

tion services in both WR42 and WR28 waveguide on variable and

lixed waveguide attenuators. For attenuation difference of

výiriable attenuators, the inaccuracies of the calibration service

av fur "(0.05 dB or 0.5%), whichever is greater in the 0 to 50 dB

raiige. For the measurement of insertion loss of variable or

fixud attenuators, the inaccuracies of the calibration service

nrc closer to 1% for WR42 waveguide and 2% for WR28 waveguide

5i:'es [1]. In general, no high quality attenuators are avail-

able commercially that warrant a more accurate calibration

service in this frequency range, but improved 2-tenuaZion meas-

ureiment sy.stems have been developed [3,4] and could be implemented

in this frequency range.

No noise re:erenc;1 standI-s have been developed to this

datc, iii this frequency range. Although noi.se neasuroment ser-

VIC-51 could be developed readily, the minimal demand so far has

liOt ,•'-ranted the expenditure that would be required.

.\Atitcmna

No established antenna gain or pattern measurement capa-

bilities exist for this frequency range. It is possible that

,itcmiua measurement services could be established without

E1-3
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much effort sijlic the hasic facilitics exist ;ind relative Ic le

co(mponents would need to he added to extfld the ir usefulticss

to theeC t recjueflc es.

CAAPAB I LIIES IN TIlfi 56.5 TO 64.S GItz RANG.

Metrol ogy capabilities in this region are limited in fre-

quenacy kveorage from 56.5 to 64.5 GlIz dul- primarily to the

commercially available isolators and oscillators obtained when

these capabilities were developed in WRIS waveguide. This fre-

quency limitation does not apply to NBS developed reference
standards which are useable from 50 to 75 GHz.

'the available calibration services in this frequency

range were initially announced in February 1972 [5].

Power

A microcalorimeter has been developed that serves as theI

NBS reference standard for power measurements [6]. The calori-

meter has undergone a detailed error analysis that permits the

,]teriwiiiLt oion of the effective efficiency of a standard

bolometer unit to within a total estimated inaccuracy of _ 0.28%

o,. lihs total inaccuracy is composed of a systematic uncer-

taintA' (• * ().23' and of a random uncertainty (3o) of ± 0.05%.

Using this microcalurimeter with a transfer system it is

possible to calibrate WR15 feed-through type power meters to

a total estimated inaccuracy of approximately L 1.1% for

bolumeter-coupler unit calibrations. A measureme'nt technique

E1-4 UNCLASSIFIED



UNCLASSIFIED

was implemented to evaluate a combination of two couplers to

allow for power measurements to power" levels of 100 watts to an

estimated inaccuracy of ± 1.2% r7]. The end result of this

effort is that NBS can help you measure power levels from 1 mW

to 100 watts by planning a measurement with you and if need

be to bring our staff and equipment to your facility.

Reflection Coefficient Magnitude

A measurement system has been developed to measure both

reflection coefficient magnitude and attenuation [8]. The

system is based upon a 30 M{z waveguide below-cutoff attenuator

standard. A description of the system is included in NBS

Technical Note 619 together with machine drawings that provide

information on how to bui.ld such a system and the necessary

hardware that is not .ommern'ially available. The document also

discusses precision and systematic error along with equations

for estimating the limits of the error.

Basically this measurement system provides a tuned reflec-

tometer that measures the magnitude of reflection coefficient

Irl to better than ± 0.001(1 + 31I) over the range from 0.001

to 0.99. The accuracy of a reflection coefficient measurement

is limited zo the dimensional tolerances achieved in fabricating

the input Aaveguide section. The NBS system has an input

waveguide section whose internal dimensional tolerances are

approximately ± 1S millionths of an inch (0.38 microns); this

compares to commercial tolerances of 0.001 inch (25.4 microns).

El-5 UNCLASSIFIED
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Attenuat ion

The above meas•urement system [8] can measure attenuation

difference of variable attenuators to t(O.05 JB or 0.5%) ,

ever is greater in rhe 0 to So dB range. It can also measure

the insertion loss of fixed or varlable attenuators to lette r

than + 2".

In order to provide a capability to resolve precisely dif-

feorences of attenuation in support of noise and antenna measure-

ments, two attenuators with improved readouts were developed.

An identical pair of commercial rotary-vane attenuators were

modified to provide readouts in degrees of rotation of the

center-vane of each attenuator. In the finished form one

attenuator was significantly larger than the other and both

were larger than their commercial counterparts. The smaller

attenuator [91 can resolve the rotation of the center vane

to 0.01 degree while the larger attenuator indicates the near-

est 0.0005 degree. When properly aligned [10] the maximum

attenuation values attained for these two attenuators were

greater than 65 dB, which means they can resolve attenuation

difference values to 0.005 dB. These attenuators track the

mathematical law for rotary-vane attenuators very closely

allowing the use of tables [111 to obtain their attenuation

Val ies.

Noi Se

A reference standard has been developed for thermal noise

measurements. This WRIS standard was designed to operate
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at the silver point (963.19 0 C) which gives an output noise

temperature of about 1235 kelvins with ain estimated inaccuracy

of 1 2 kelvins. The details of its desiggn, construction, and

performance with an error analysis have been published [121.

This; standard is useable from 50 to 75 GHz although its accuracy

will vary to a small degree across this frequency range.

A total power radiometer has been developcd as a :omparator

il o)rder to compare the reference noise standard with an unknown.

A special calibration service using these two is available and

Sprovides a :neasurement of the noise output of a noise-tube

mount to approximately ±_ 2% if the reflection coefficient mag-

nitude is less thai, 0.05 [131.

However, commercially available WRl5 waveguide noise-tube

mounts were found to have very poor reflection coefficient inag-

nitudes and unstable noise outputs making them unsatisfactory

for noise measurements. For this reason, NBS undertook to

design a new noise-tube mount using a commercially available

ceramic argon-filled tube [141. This WRl5 waveguide noise

source design is now commercially available and has a reflectioni-

coefficient magnitude of 0.05 and a noise output instabilitv of

les than 0.005 dB at 150 ma operating current.

A computer-controlled system has been developeu to provide

the capability of automatically measuring a noise factor (or

noise figure) to an inaccuracy of less than ± 0.2 dB or ± 0.1 dB

if the value is less than 10 dB [15]. To achieve this accuracy,

the output noise pcwer ratio of an amplifier for a known input

UNCLASSIFIEDEI-7



noise power rat io miust be measured to less than ±0.01 (ill.

[his, having been done, it is' now p)ossible to get be'tter' urn seL

La ct or (Or no i Se figure ) iasi entsatthese I reque uc Li0 es

thanl It 111 C roWave frequencies. This measurement System isý

p0 rtahl e and ye rsat.i le and has becii used to evaluate the sys -

tern ga iii to sytmnoise tomrpera~tuve- of satellite ground sta -

t iosl,. It hias allowed mrnaufact~urcrs of mililimneter wave mixers

to assess the chiarac~teristics of a miixe r for difftrerent local

oscillator power levels; and tye i oa oscillator.

To ahe state -of -the -art nicfactor (or noise figure)

me.aSuremelntS reqUi res that adequate cons ide rat ion be given to

the precisu mcasureinent of an~iplifier hi~oSe during the design

stages of cquipmient development -so that precise noise mecasure -

inents c- i ini fact be obt-ained on the final product and in the

fiiial systemn applic~ation (16,171.

An t c ri mua.

On -axis antenna gain measuremenit capability with 1limi ted

patturn in formatilon has also been developed [18] . Two techaique s

areC CtipIVLavil. Arn iidco r facility us ing a imear -field techniqjue I
can mieusu rc anr 18 inch diameter disk an~tenna to within ± 3.500

Aii outdoor- facility us ing an extrapolation rangtL Can measure an

18 inch di ariete r disk antennia to within '± 4.S%. Thes e capa -

hil it iceS are rr1ore thoroughly covered in the next presentation.
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IlI tis l roequiency range, the quality of flanges used on

!jLuipmelit is critical to the final product. ýt NBS, it was

!ound that significant problems occur due to ::he lack of

,Ia d-quate mi Iitary specifications of" WRIS wave g'ide flanges.

l:u)r thi.s reason a study was conducted at 60 GHz to assess

effeczt.s of variations in the flanges generally used in WRIS

waveguide equipment [i9]. The study revealed that 1) plain

brass flanges had lower loss than any coated flanges, 2) stand-

ardization of the locations of pins and holes to a close

tolerance is crucial, 3) for low loss requirements a differently

designed flange with a rectangular boss the size of the wave-

-,lide may be preferable, 4) lapped flanges were more repeatable,

and S) tLiformity in tigh-ening turque of the bolts was important.

CONCIUS IONS

"hiis paper highlights current millimeter wave measurement

caabilities of the Blectromagnetics Division of NBS. It is

:-,-gn&I that although tnfcse capabilities are limited in fre-

. rangc, . aln iL r ic, and accuiiracy they are more accurate

I., aii y other known 1.1illimeLCr wave metrolog)y capabilities.

I!_ lcvulopmeiit of further metrology capabilities for addi -

timal1 quantit ies and additional frequency ranges is needed to

hillv iit lize the millimeter wave frequencies. future work

,£K..l include automat iug these existing measurement capa-

I, liLt is whiLe nel-piig new :apahtilities. Automation is
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necessary to facilitate the coverage of the enormous frequencv

spectrum covered in each waveguide size of the millimeter wave

frequency spectrum. No new NBS me rology dcve lopments are In

progress at present although this could change if it was ovi -

dent that national program needs demand it.
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"The Accurate Deternination of M, illitneter-Wave Aritenn.
Characteristics by Deconvolution and Extrapolation "leclniq,,o;

by
R.C. Baird and D, M. Kerns
National Bureau of Standards

Boulder, Co-orado 80302

SUMMARY

1.0 Introduction

The recent availability of mm-wave oscillators with adequa-te power

has resulted in a rapid e-xpansion in the use of run-wave systenis for space

and satellite communications and other applications requiring high gain

antennas of relatively small physical size. These systems are generally

sophisticated and expensive, and close tolerances arte required on se\,.ral

parameters, including antenna power gain. For some systemns, the anlenna

polarization and pattern must also be well known. Consequ-ntlV, high-

accuracy antenna calibrations are required to avoid exp•nsive overdcsign

and to assure adequate pe-formiance of the overall systems. Requirements

for gain calibrations with total uncertainties (30) of 0. 1 dB or less are not

uncomlnon, and it is difficult to mneasure the gain of any titenna to this accu-

rac y .

The most commnon method of determining antenna gain and polarization

is a substitution technique, where the response of the test antenna to an in-

cident "plane-wave" field is compared with that of one or mo- e staldard an-

tennas. With conventional "far-field" antenna ranges, the plane-wave con-

djition is approximated by using large separation distances between the trans-

uatting and receiving sites. (An optional approach to obtaining an approx-

iate: plane wave is the "compact range" technique described by Johnson

et al. 1, 2]) However, for high gain antennas, ranges of sufficient length may

nt. h,, available. This is especially true when high accuracy ii desired. For

exajirple, to reduce the proximity correction of a typical standard gain horn
aZ/,

to less than 0.1 dB requires a distance of about 16 (iot Z) a where a is

PZ- 1



the larges!t aperture diinwns ion and Xis the I rkee sp.Lce Ale egl

large (listafle vs the errors dlue to ground re~flections and sc.-itte ring I rmii

othecr objccts can be significant. Additionail errors can occ(ur it the, it et ...!A

unknown antennas have, significantly different gains, patterns, or pohi riz.at i t)

chiaracteristics - lu rtli cr, even if the r ru r 5 (UC to all oi the abov, , ff- i-

could be broughit uiid e control, oneý would still be faced with ffth ])roilciii o

;i: curate~ly ilete rinining the gain of the A:anda rd antenna. [ilie! strong Litm o-

spheric attenuation (rinnre than 10 I Iknin at some fre-queric ies) pree hides ii-

use of' the far-field three-antenna necthiod of d tiermi ining' absolute- ga iniI

much of the, n-'n -wave. frequency range. III add iti on, c a iculat ed gain anie

polarization values of a "standard" antenna dto no in general, provide a

satisfactory basis for high accuracy ineasure'nints . LDue to c omrputational

approximations and impe rfect fabriea-tion, thet calculated values are, usuailly

outside the ýr ro r limits of (highly) accurate mneas urem~ent s, although thec

computational acecuracy may be better for ci rtain spec iali7. ed cases

Thisi. sumniary presents samples of the e,ýxperimfncnti results of two re-

cently devel oped tee hnique s for axcu rately det errnining abs olute gain, pola r -

ization, and pattern irorn data obtained at greatly reduced distances., l ot h

nmcth ods are, basecd on a re~latively new thueQreticAl approach (dtevelIoptid b\,

D . M. IKe mx of thec Nt'itionail Bureau of Standa rds) whichl we refe r to as tl!he

'lplane -wa v scatte~r ing-miatrix theory of ait cura s and antenna -a ntenna i nir -

actions" 'Ihe! theory is essenrtially freec of resitrictive as sumnpt ions .,id

built-in~ apprmoximnat ions and the rneasu rement results have demionstratedl 'hat.

high ace (urac(y is attaiinable. F"urthier, thek riieLt buds are ajPpliCa1b." to flny type

of direc.t ivi tntenna, including phased arrays. *Ilie- techniques are useful at

all ride rowav e frequencies , but a~re especially valuable at in IIn-wave fre -

quen~cie's where, high-gain antennas are phiysically small enoughi to work( with

in the laboratory, and where the large, Rayleigh diistanc cs and atmnospheric

a~tt-nuat ion maike convenitional mneasu remnents pa rticula rly difficult.

A recentL survey paper by Johnson et al. discusses sev( ral other

approaches to the problem of determining far-field antenna patterns

from near-field measurements and gives many references. Some of
the approaches may now be of only historical interest.
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2 .0 l).convolution T~chinique

'lThe platia r scanl-Cecconvoluti on tecehniqu itwas fo riiul~at d for tnitt-ini.ts by

- 1\ 1 1~ 4. E~xpt r ine uItAd results have be en given by B ai rd ct Ai . 5, .1 id

by Joy andc Pa~ris [0 '. He-re we shacll outline vecry bricfly sonit ol tlienll

quatlitative and quantitative features of the technique.

Vol. tlis (tjkeUssiofl *%.ts well its for the, discu-,ssion of Ilie cxl rapiolil ion

!.,.- u beIlow) a Icvew preliminary d1efintitions arc c s s ntial. Tlic pr opagati on

vcector k for planec waves in. space is resoived into a transverse (x, y) part EK

and an axial part fye (k z-K + ye ) and is subject to k.- k k, t ,: We iillov
z- - -Z - -

apair of two-comtponent vector functions, S(K) and S'(K), reprL'scrt'.ntrc

respectivuly the tran~imitting characteristics of a transmitting antenna and.

the, receiving characteristics of a receiving antenna; the independent variable

K 3ezrvcs to specify the direction associated with each spectral component.

Withiout attemipting to give complete definitionis we note th,1 t the far-fiehi vectorial

pattern of Lhe transmittingý antenna, hence the power gain and polarization

characteristics, can bt, coiiput--d, from

SSTh0

Arij n fo--- tran-- ver--e cannlg li~

Fig.1. fxed P i varabl

In ~ ~ ~ ~ ~ ~ ~ ~ ~ I desriin th Jeov to ehnqew ups ta h aitn
charactersti 1 ()o h rn it'gatnasonshmtclyo
the leti iue1 t edtrine wit P nw eevn nen
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(i.e., one with Sb 2 (E) known) on the right, which is used to scan the tilcl

of the transmitting antenna in a transverse plane (z = cost) a short distance

(d << a /X) away from the transmitting antenna. If (as is required in this

technique) multiple reflections between antennas arc negligible, then the

radiated spectrum , 10 is gi,-,n rigorously in terms of the louricr

transform of the transve rse E. in the ineasur- nient plane. What we mnay

call an ideal probe would mteasure one of the Lransvcrsc components of E

directly, even in the nflar field; an actual probe, however, yields a re-

sponse b'(1) given by a convolution integral involving both the structure of

the field and the chlaracteristics oi the probe itself. The convolution in'-

tegral is represented in the spatial frequency domain by

b'(P)= a Fy (K) () eyd e -K dk dk (1)

where P is a transverse vector ;sp'ecifying the displacemeni of the prubet .

(Fig. 1), a is the input wave-amplitude at the transmitter, and F' is a xix--

match factor associated with tie receiving antenna and its load. Deconvol-

ution is effected by Fourier transforniation and yields

-PYd Go)
d 1 (•) )(plet (b) e

2 j•.- dXdy
47 a F'

0 - I

Using band limits k1 02" and k2 -v/. for k and k respectively,
'1 2 x y

and applying a two-dimensional, spatidl sampling theorem enables us to -

replace the, above integral by a suln,

-I 'd -i "PIt C " b-- -rs

- 4k1Ka >..db' (Pr) r 1
" 10 :-A]•zi " 4• k• kj-"' o --Prs) (

r, q

-1 1
.er", t vectors P -r 10 + -- e (with r,s = ... -2, -1, 0, 1, t..)-rs 2 2 --X -Y

define the mieasurement lattice, the b' (P ) are the (complex) values of probe
0 -rs
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output directly observed at the ooints of the lattice, and the summation goes

over the points of the lattice. The great virtues of (3) are that data can be

taken at the points of a discrete lattice without loss of desired information

and that the highly efficient fast Fourier transform algorithm is rigorously

applicable to evaluation of the sum. The theorem requires an infinite lattice,

but in nractice we have found that taking data over an area somewhat larger

than the transmitting antenna aperture is sufficient to insure full accuracy

in the results.

We should note that (3) determines only one linear combination of the

two components of the ur nown S 1 0 (K) for each value of K. In general, one

must make two complete ti- sverse scans using measuring antennas chosen

to give independent linear combinations. (Ira many cases a single antenna

used in two orientations 90 degrees apart would suffice.) Thus one obtains
pairis of linear equations that can be solved for the components of Sl0 (Nk with

K in the role of a parameter.

Band limits kI = kZ = k have been found satisfactory as a rule of thumb

when essentially complete pattern information is desired. These band limits

correspond to X/2 as an approximate minimum spacing of measurement points

and mean that a relatively large number of data are required- -typically phase

and amplitude for approximately 4, 000 to 40, 000 points.

Efficient application of the technique practically demands use of an auto-

mated precision scanner and requires computer capability to process such large

numbers of data. At NBS the previous partially autormdted scanner is being

replaced by a larger, more fully automhated mechanism capable of rapidly

acquiring data over an area up to 4.5 meters square. (In a typical nim-wavt

application, such as that discussed in the next paragraph, data from 128 z
2

128 points in a 60 x 60 cm area should be obtainable in less than half an hour.)

Computation times are nominal, ranging from 15 to 60 seconds on a modern

In both the deconvolution and the extrapolation technique, normalization of
probe output (b') to transmitting antenna input (a ) is required. In the
facilities for the two techniques, provision is made for bringing source and
receiver close together (with the antennas not in place!) so that thib Aormal-
ization can be easily and properly effected.
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high speed computer. This includes all data processing and computation ex-

cept that involved in the production of perspective plots of the type shown

in Figs. 2 and 3, which may require 30 seconds to several minutes of lower-

cost computer time.

Figures 2 and 3 show graphically the character of the input and output

data for a Cassegrain antenna 46 cm in diameter operated at approximately

60 GHz. Data were taken in a plane approximately 50 cm away froni the

antenna, using a small standard-gain horn oriented for (approximnate) polar-

ization match. In Fig. 2 are plotted the values of jb'(PJ) )I F o ohtained;
0o- rs

these data may or may not closely resemble a plot of the magnitude of the

corresponding transverse component of E. Fig. 3 pictures the far-field

magnitude calculated from the near-field data. The on-axis power gain was

found to be 46.42 z- 0.19 dB (3a). In this example both the contribution of

cross-polarization and the probe-pattern correction were negligible in the

narrow angular region o! interest. Of course the correction for probe gain

on axis was not negligible; in fact the uncertainty in the probe gain contrib-

uted a large share of the uncertainty in the reported antenna gain. (Signif-

icantly better accuracy in probe gain and pattern determination is now puss-

ible.)

3.0 Ext rapolation Method

Time second inethod is known as an extrapolation technique and is used

primarily to determine on-axis gain and polarization to high accuracy (it can

also be used to advantage for less accurate me~asuremeunts). This nmethod is

not as well suited to pattern measurements, although pattern information

can be obtained. The theoretical basis was developed by Wacker : 7 3, and

its application to accurate antenna measurements has been described very

briefly by Newell and Kerns [8 1 and more fully, in an experimentally

oriented paper, by Newell et al. [ 9 1.

The main result of the extrapolation theory is, that for any two essen-

tially arbitrary antennas (see Fig. 1), the received signal b'(d) can be
0

accurately represented as a function of separation distance d by the series

EZ-8



Wb(d) aF' ikd 1ý0+A1+ A0 A 0
00 +00

,d (4)

(10 +2 +
'I" u c(d ""0 I-

where the A's are complex coefficients. Equation (4) includes both prox-

uinity effucts and multiple reflections between antennas without approximation

and is an asymptotic function of the separation distance. Specifically, the

first series represents the direct transmission signal, the second series the

first order multiple reflection between the two antennas, and the other series

the higher order multiple reflections. It is evident that, at sufficiently large

distances, the only significant term in the series is the one involving A 0 0 .

Further, it can be shown [ 9 ] that

A 00 -Z-hik S0(0) 2b 2 (0 ) (5)

evaluated on axis (i.e., with K 0). If either So(0) or S' (0) is known,

the unknown vector can be obtained from two independent determinations of

AO0 which give two simultaneous equations like (5). Hence, the immediate

measurement objective is the determination of A 0 0 .

In conventional far-field measurements, d is made large enough so that

the only significant terns in (4) is that involving A 0 0 . The basic idea of the

extrapolation technique is to observe bW as a function of d and to fit this fun-
0

ction with as many terms of (4) as n-ay be significant, and so to determine a

good value for A00 in particular. The term "extrapolation" is, of

course, derived from the fact that measurements are carried out at finite

distances and used to obtain results valid for infinite separation. The actual

distance interval over which measurements are made will depend on the

alntenmas and the desired accuracy, but will usually lie somewhere between
2 Z0.Za /;, and Za /0.

The two "independent" measurements are achieved in many cases by

rotating ono antenna about its axis by 900, as mentioned in the deconvolution
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mnethod. If a suitable known antenna is not available then the "three-

antenna method" can be employed to determine the absolute gain and polar-

ization of a standard. In this approach, two independent muasuri.nents are

required for each of three pair-wise combinations of the three antennas,

which provide six simultaneous equations that can be solved for the desired

quantities.

This method rzquires a special range with provision for accurate long-

itudinal rnovemn'nt of one or both antenna tow rs. However, the range di-

mensions are only 1/5 to 1/i0 as large as would be required with a con-

ventional range to obtain equal accuracy, so many antennas can be measured

on a relatively small indoor range. The NBS presently has both a 5 1 eter indoor

range and a 60 meter outdoor range. Angular alignment can be maintained0
within 0.02 and transverse displacements are less than 1 or 2 millimeters

on the outdoor range; the corresponding figures for the indoor range are
,J0.(J and U.'- ,nillitmteters.

The first step in the mieasuremnent process is to connect the generator

and load ports together to obtain a reference signal (see footnote page P2-6).

The antennas are then installed and the received signal bV is recorded as a0i
function of separation distance. Figure 4 displays some typical data. The

oscillations are due to multiple reflections between the antennas (because of

the large heightx-to-distance ratio ground reflections are not observed in many

cases). In the fitting process, the values of Ib'(d)d exp(-ikd)/(a F') 2 ere
0 0

averaged locally, and the averaged curve was fitted with a polynomial in lI/d

(ordinarily 4 or 5 terms will suffice). This procedure determines IA 00;thmaue aa o nXbn coia onfttdwt -er oyoil

the phase of A00 is determined separately (see [9]). An example of the type

of results obtained by the fitting procedure is given in Fig. 5, which shows
th(: measured data for an X-band conical horn fitted with a 5-term polynom~ial.

1he magn'ified differences between the measured and fitted curve qualitatively j
indicate tke goodness of fit.

The gain of this horn was determined to be 22.05 ± 0.08 dB, which should

be compared respectively with values of 22.10 ± 0. 15 dB and ZZ,02 ± 0. 10 dBl I
determined by the deconvolution method and a far-Hield pattern integration

method (including correction for antenna loss) [10]. The gain of the mrn-wave
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antenna described in section 2.0 was determined by the extrapolation

technique to be 46.26 ± 0.23 dB compared to a value of 46.42 ± 0.19 for

the deconvolution method. In the extrapolation measurement, the larger

errors for the mm-wave antenna were due to the relatively large uncertainty

in the correction for atmospheric effects. All of the above uncertainties

are 30 values. We emphasize that the results presented he.re are only a

sample of the many and varied measurements which have been perforried

at the NBS with these techniques.
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F INTRODUCTION

L I

Significant advantages may be gained by the operation of a radar

system in the millimeter wave region. Important advantages are the

L improved angular resoluLior., superior Doppler characteristics, poten-

tially increased target radar cross section, reduction in equipment

size and weight and the possibility of improved cost-effectiveness.

Important considerations in the application of millimeter wave

radar are the characteristics of the backscatter signal to be processed.

To properly define the radar parameters required to accomplish a partic-

ular mission. it is necessary to have good estimates of the average value,

variability, polarization p-oy rties, Doppler characteristics, etc., for

target and clutter.

The Radar Division of -he Engineering Experiment Station at Georgia

Tech has recently developed a dual-polarized instrumentation radar at

70 GHz based on previous multi-polarization radars [i]. The 70 GHz radar

operates in a synchronized mode with a dual-polarized 16 GHz radar.

Thus, dual-polarized backscatter characteristics of targets and clutter

at 16 GHz and 70 GHz can be compared under idential conditions.

Automated computer analysis capability has been used to determine

statistical characteristics of the backscatter for 16 and 70 GHz. The

analysis capability includes plots of time series, probability density

and distribution functions, auto- and cross-coverience functions, and

power density spectrum functions.
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This paper describes the dual-polarized measurement radar and pre-

sents initial measurement results comparing backscatter cha~acteriaitcs

at 16 and 70 GHz using the automated conputer analysis capability.

POLARIZATION PROPERTIES OF TARGETS

Amplitude, phase, range and polarization information is available

from pulsed radar signals. Although often not fully exploited in radar,

polarization properties may offer significant advantages in discrimina! ion

[2]. However, to take advantage of the available polarization information,

a certain amount of sophistication within the radar aed its associated

signal processor is implied. For many years the Radar Division of the

Engineering Experiment Station at Georgia Tech has been conducting at

10 and 16 GHz polarization reflectivity measurements of targets and

clutter to determine the radar polarization discrimination potentisl for

a wide range of applications.

The polarizat~or of a radar signal reflected from an objecr is a

function of the polarization of the illuminating wave and the geometrical

properties of the target. The resultant field of the scattered wave,

E may be described in terms of the polarization scattering matrix as

a- a

st •a 1  a 2 2  EtivR

'9'2

wher e

R rangeI

k 0; 2i 12TT/-

ss 8

and E and E are the scattered field components and E t and Et are the

* transmitted field components polarized in the a and ýý directions, respec-

tively. The elements of the polarization scattering matrix are complex

terms representing the amplitude and phase scattering properties of the

target for the two orthogonal polarization components. For the spetial

case of linear horizontal and vertical polarizations, the matrix may be
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Sp written as

a a
- 11 VH

A,

,_aHV aVV

where the subscripts represent the transmitted and received polarization,

respectively.

The polarization scattering matrix is entirely a property of the target

and its spatial orientation and completely describes the scattered fields

from the target. If the elements of the :)olarization scattering matrix

are known, the radar cross section for any given combination of transmitting

and receiving polarizations can be computed. For example, in the simple

case of the radar cross section corresponding to the matrix elements of

the first column the result would be

2
RHH = IaHHI

and

2
aHV = IHV

For simple radar targets the coefficients of the scatterin, matrix

may be calculated. However, as targets become more complex such calco-

lations become impractical and evaluation of the coefficients must be

accomplished through direct measurements.

MEASUJREm!ENT EQUIPMENT

K -band Radaru

Dual-polarized measurements of radar reflectivity were made simul-

taneously at 16.2 GHz and at 69.8 GHz. The 16.2 GHz measdrements were

made with the Georgia Tech GT-2 Mobile Radar. This radar is permanently

installed in a van equipped with a self-contained 15 KVA, 60 Hz gasoline
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powered generator. The K -band radar generates a 60 ns pulse with 4 W<u

peak power. The antenna used for these measurements was a 1) inch para-

boloidal dish with a 5.2 degree beamwidth and a dual-polarized feed.

Horizontal polarization was sc'_cted for the transmitted wave. Both the

horizontal and vertical components of the backscattered wave are received

by the antenna and routed to the proper receiver channel by a dual mode

coupler located at the antenna feed. The radar receiver consists of tWo

idential receive channels. Each mixer, supplied by a common local oscil-

lator, 1s followed by I.F. attenuators and logarithliic I.F. amplifiers.

F-band Radar

A 69.8 GUz radar was modified to provide for dual-polar ized radar

reflectivity measurements. The modification consisted of repacaging and

adding a separate cross (orthogonal) signal channel to the receiver. "fiis

system configuration is similar to the K -band radar with the exception of0I
the precision R.F. attenuators, isolators in the local oscillator feeds,

and a common transmit-receive antenna, Three separate antennas were used

in this system: one ench for receiviilg ite horizontally and vert ically

polarized components in the reflected wave and one for transmitting the

horizontally polarized transmitted wave. The three antennas are identical

horns having beamwidths of approximately b degrees and gains of 29 dB.

This antenna configurat ion was chosen because of t1he greater polarization

isolation achievable in the receiver channels and low coupling between the

receiver and transmitter. The transmitter generated a 50 ns pulse with

a peak power of 400 watts. Table I lists the system parameters of this

radar.

Timing and sampling p-.,lses for -he two radars are gen'ratied in the

video processor unit. Range gates for the two radars are indv'pendently
set to the peal, of the respective video signal. The video is sampled,

and the value is held by charging . capacitor which holds this charge

until updated by the next sample pulse. This boxcar signal is then

buffered and level shifted before being recorded on FM magnetic tape for

subsequent computer processing.
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TABLE I

PALW.IETERS OF 70 GHz RADAR

TRANSMITTER

Frequency 69.8 G11z

Peak Power 400 watts

prif 0-5 KHz

Pulse Width 50 ns

AtrTENNA

Type 3 horns

Polarization Horizontal/Vertical

Polarization Isolation >30 dB

Bea,tiwidth 6 x 6.6 degrees

Aperture Size 2.0 x 1.4 inch

Slant Length 11.94 inch

RECEIVER

Mixer Single Schottky Di.ode

I.F. 60 MHz log detection

Sensitivity -77 dBm

Dynamic Range 70 dB
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MEASUREMENTS

Calibration Procedure

Calibration of the data was accomplished by using a 0 inch iy 12 intch

diplane with main beam radar cross sections of 22.99) dB above one square

meter (dBsm) at 10n.2 G[s and 34.68 dBsm at 69.8 G0Hz as an ab-solutet radar

cross section reference. The diplane was located 200 feet from the rada.r -

with the flat plate intersection line oriented at 22.5 degrees fhom thelI

vertical. Equa, arIplitude signals, received uy the parallel and eros:

polarized antennas, are used as the reterence sigiial for radar cross

section calibration. Attenuation was added simultaneously to e(ACit cililfl('l

in 10 dB increments over a 70 dB dynamic range. With the 3 dB redoctioun

in radar cross suiction dLe to roratior, of the diplane, the caliirzution

radar cross sections are 19.99) dflsni and 31.68 dBsm for frequenries of

16.2 GOiz and f9.8 GHz, respectively. Calibrations of the radars were

made irmnediately prior to each series a' ruIns.

Radar Targets

Radar targets which have been observed i'celude dense pine groves,

isolated trees, power and lamp poles, moving automobile.s nnt flat plates

of diffe nt geometrical sIlapes . During a data run, the sapled signals
from a given range cell were sr-mltanionslv received and recorde,: byIv'E on
magnetic tape for the parallel and cress -o larized returns from each

radar. Therefore, identical conditions exist at the target, allow'ing

direct comparisons of the data for tile two frequencies.

Measurement .)ta

Of the targets which have been observed, the pine gro)ve, presents

the most interesting set of data. The radar antennas were 10, feet above

g::ound level and ii luwainated the pine trees at an azimuthal icc :.ent

angle of /42 degrees. Three cont iguous 10 second samples ,.of da, w.ere

selected for analysis. The effect of wind velocity on tree clutter is

easily seen in both the time and spectral plots dring the total 30

second interval. The wind velocity was approximately 1 to 2 rnip during

the first 12 seconds of data, changing to an almost complete calm
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condition for the next 12 seconds and again changing to I to 2 mph during

the last six seconds. Radar cross section vs. time and pow•er spectral

density plots for the three contiguous sections of data for the two

frequencies are shown in Figures I through 3. The ability of this

particular tree clutter to depolarize on reflection may also be seen by

comparing time plots of the parallel and cross channel data for a given

radar.

"The autocovariance functiotns which indicate the time required for the

received stgnal to decorrelate, for both parallel and cross polarized

returns at the two frequencies for the data in Figures I through 2 are

showns in Figures 4 through 6, respectively. For the 70 GHz radar rhere

is no significant difference between data samples. However, decorrela-

tion occurs much more rapidly at 70 GHz than at 16 GHz.

Cumulative distributions taken ove:: a one minute period were computed

and are shown in Figure 7. The distributions include the 30 seconds of

Fdata shown in figures I thru 3. Variability of the data and median values

may readily be determined from these distributions. The maximum, minimum

and median values for data collected on several targets -re shown in

Table II.

Of possible interest to both the automotive industry and the military,

is the radar cross section of vehicles. Figure 8 shows a set of time and

power spectral density plots for an automobile moving through the radar

beam. These data were acquired by setting the sample gate to a fixed range

cell and allowing an automobile to move away from the radar. The radars

were located above a roadway and the antennas were pointed down at an angle

of 17 degrees. Approximately 2 secctds were required for the automobile to

pass through the range cell. Because the range resolution of the 16 GHz

radar is slightly longer than that of the 70 Gliz radar, a completely clear

range cell could not be found at the measurement site. The doppler frequency

generated by the automobile passing through a range cell containing a smaller
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TABLE II

MAXIMUM, MINIMUM AND MEDIAN VALUES OF

RADAR CROSS SECTION IN DBSM FOR SELECTED TARGETS

Target Freq Parallel Pol Cross Pol
GHZ Max Min Mean Max Min Mean

Wooden power pola 16 1.8 -11.6 -3.9 -0.8 -13.5 -4.7

70 11.7 -4.0 6.5 -1.7 -15.8 -8 6

Wooden power pole 16 9.6 5.1 7.4 1./ -0.1 .84
with transformers 70 24.8 18.9 22.9 6.2 -6.4 1.6

Metal lamp pole 16 7.3 -3.4 2.6 3.5 -10.2 -2.0

70 27.1 18.9 23.6 8.3 -5.9 1.8

Brick building 16 -4.6 30.3 32.7 20.5 13.0 16.9

70 37.6 25.2 33.2 27.5 14.6 21.4

Isolated tree 16 -21.3 61.4 -34.2 -21.2 -45.9 -28,1

70 -5.6 -30.5 -16.4 -13.5 -30.3 -22.1

Pine grove 16 -5.3 -30.8 -10.4 -0.2 -31.0 -10.1

70 15.8 0.9 9.1 14.1 -0.2 4.9

E1
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Figure 8. Radar cross section vs. time and power density

spectrum of automobile.
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I
fixed target is seen in both the time and spectral plots shown in Figure 8.

The difference between the parallel and cross polarized components of the i
reflected signal is seen to be approximately 10 dB at the peak of the radar

return for both frequencies.

Concluding Remarks

There is a limited quantity of data available at millimeter wave
frequencys. Therefore, the radar systems engineer may not be able to

intelligently selcct or reject these high frequencies as a possible

candidate for a specific radar application.

It would be very desirable to accumulate a large data base un both

clutter charecteristics under varying environmental conditions and on

specific targets )f military or iadustrial interest.
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"EXPERIMENTAL HIGH POWER AMPLIFIER SYSTEM
FOR M2 WAVE SATELLITE COMMUNICATIONS"

by

A. Castro - J. Healy
kaytheon Company

Wayland, Mass. 01778

ABSTRACT

Thij paper describes the development program of a high power ampli-

fier system for m Wave signals to he used in Satellite Communication

mobile terminals and capable of a gain of 50 dB at 800W output power, over

more than 4 percent instantaneous bandwidth at Ka band frequencies. A

TravelingWave Tube, Solid State Driver, passive waveguide components and

a high package density power conditioner were developed during this program,

which resulted in the practical realizations of new concepts in microwave

* tube and Gunn Diode technologies and advances in the state of the art of

other components.

INTRODUCTION

The objective of this program has been the development of an experi-

mental High Power Amplifier (HPA) system for Satellite Communication

applications at upper Ks band frequencies. The operational requirement is

for a wideband amplifier system suitable for the mobile tactical environ-

ment of terminals to be used with the Lincoln Experimental Satellites 8

and 9 (LES 8 and 9). In this application a minimum 4 percent instantaneous

bandwidth would be desirable to permit the operation with the frequency

plan of both satellites without requiring retuning or redundant equipment.

DESIGN OBJECTIVES

Traveling Wave Tubes and Klystrons at the kW level have been

developed at low Ka Band and higher frequencies, however, they required a

bulky solenoid focussing system and exhibited relative narrow instantaneous

bandwidth. The development of a permanent magnet focussed wideband

TravelingWave Tube was, therefore, recognized as basic to accomplish the

objectives of this program. It was felt that I kW output power over a

4 percent instantaneous bandwidth was realizable, but just at the limit

E4- 1
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of the capabilities of presently available permanent magnet materials. It

was also apparent that heat transfer considerations in the slow wave struc-

ture and collector will necessitate liquid cooling of this tube.

At this output power level, many of the MPA high power passive wave-

guide components had to be developed, such as tilc high power circulator,

couplers, switches, pressurization window, etc. The losses associated with

these components %,ere estimated to be 1 dB, resulting in rated power of

80C W at tae output o1 the lilA.

The overall gain of the HPA was chosen to be compatible with the

output levels obtainable trot,, stite of the art wideband multipliers or

narrow band parametric upconverters. A nominal HPA drive level of 10 mW

(+10 dBm) was adopted, requ, ring a gain in excess of 50 dB for the rated

output. To expect the TWI to provide this gain over a relatively wide instan-

taneous bandwidth was considered impractical and a solid state driver was

proposed. Both avalanche (IMPATT) and TED (Gunn) diode amplifiers may be

possible candidates for implementing this driver. Although avalanche

devices delivering hundreds of mW of output power were available, noise

figure considerations favor TED devices. The noise figure of the HPA, which -

is mainly determined by tile driver, is of spEocial relevance in achieving

low noise duplexing capability in the Satcom terminals. Since low noise

GunnDiode Wideband Amplifiers of output power capable of driving the TWT

and input circuitry were not previously realized, the development project

for this device was necessary.

The considerations above and the preliminary implementation concept

resulted in the design objectives summarized in Table 1.

TABLE I

HPA SYSTEM PERFORMANCE CHARACTERISTICS

FREQUENCY 36.7 to 38.2 Gilz

36 to 38.t CHz DESIGN GOAL

+1.5 dB (+0.5 I)ESIG:4 GOAL)

1NSTI'ANANIOL:S BANIDWIDTHI 200 MHz MIN

POWER OUTPUTi (AT TWT FLANGE) CONTINUOUSLY ADJUSTABLE UP TO

I KW

F4 -2
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TABLE 1 (continaed)

OUTPUT WAVEGUIDE ASSY. LOSSES Id MAX.

LOAD VSWR 2 10 1 OPERATIONAL

NO DAMAGE UNDER ANY VSWR

1>AXIMUM DRIVE POWER 10 MW

PHASE LINEARITI OVER 200 MHz +20 DESIG>ý OBJECTIVE

RESIDUAL PHASE NOISE SIDEPANDS AT LEAST 37 dB BELOW

CARRIER MEASURED IN I Hz BW

INPUT VSWR 1. 3 TO I MAX:.

DUMMY LOAD INTERNAL

PRIME POWE[. 200/115 V 3P 4W

PER MIL-STD-1399 TYPE 1

60 THRU 400 Hz

DIMENSIONS PER MIL-E-16400 PAR. 3.11.13,3

NO DIMENSION TO EXCEED 32 IN.
COOLING LIQUID COOLING
PRESSURIZATION DRY AIR OR N, 4

LQUIPMENT DESCRIPTION

A simplified block diagram of HPA system Is shown in 7igure 1. The

design approach is to provide maximum flexibility for eva.uation of thc

individual components ano subsystems, in line with the experimental nature

of this program.

The input signal is applied through a monitoriag coupler to the input

of the solid state driver. A remotely controlled att:nuacuz at the output

of the driver permits a continuous change of the HPA output power by

changing the RF drive to the TWT. A latching ferrite switch is used for

high spaed cut - off of the TWT drive upon detection of RE faults or a

waveguide TW" output window arc by the Arc Sensor. A differential phabe

shift high power circulator assures proper output matching to the tube :n

the presence of HPA output high VSWR. The output waveguide switch selects

an internal dummy load or the HPA output as the HPA termination. Provision

to incorporate one duplexing filter is shown by dotted lines, The output

pressurization window is separately provided, permitting the pressurization

of the output waveguide run Irom the HPA. A thermiýtr bridge is integral

AE4-3
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to the equipmen-." and allows precise measurement of the HPA output forward

and reflected pcwer and the TWT input power.

For meeting the intended installation constraints the equipment was

configured in two units having a 17.5 x 17.5 x 32 maximum envelope dimen-

sion, as shown in Figure 2. A Control Panel allows for remote operation

of the equipment and for experimental purposes, individual simultaneous

monitoring of critical paramcters was provided.

DEVELOPMENT PROGRAMS

TRAVELING WAVE TUBE

ihe specifications for the 1 kW permanent magnet focussed TWT

development follow from the above design objectives and are given in

I-able I .

TABLE 111

""' SPECIFICATIONS

FREQUENCY 36.7 TO 38.2 GHz

36 TO 38.6 Gliz (DESIGN OBJECIIVE)

POWER OUTPUT 1 KW MIN. INTO 1.2:1 VSWR

GA IN 43 dB AT I KW OUTPUT

+idB INSTANTANEOUS BANDWIDTH 200 MHz MIN.

IN:PUl'f VSWR 1.85 TO I MAX.

NOISE FIGURE 35 dB SMALL SIGNAL

38 cB ,'f 1 KW OUTPUT

AVM/PM CONVERSION 6 0 /dB

PH1ASE LINEARITY OVER 1 BW +6°

+20 DESIGN OBJECTIVE

!\LA tONICS 20 dB BELOW FUNDAMENTAL

FOCUS ING P'PM

fiiu design highiights and the most important techniques introduced

in this development program are given below.

F",•cusin System

A reasonably good beam coupling at mm waves will result in extremel-.

high beam density, and stringent mechanical tolerances. Good focusing

must be achieved in order to maintain low intercept current otherwise poor

i1' - .- 5
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beam transmission will limit the maxitaum allowable beam current, and

therefore, the output power obtainaole without outgassing or melting the

structure. This problem is compounded by the heat transfer difficulties

due to the small physical size of the structure at these high frequencies.

It is apparent that focusing of the tube is of critical importance,

even more considering the limitations of permanent magnets. Conventional

coupled cavity permanent magent focused tubes use a Periodic Permanent

Magnet (PPM) system integral to the slow wave structure. A new PPM

focusing concept was introduced by Siemens, making the system, inclu-

ding pole pieces, external to the slow wave structure. As a result, the

periods of the PPM system and slow wave structure are now independent and

additionally, improved heat transfer characteriatic is obtained in the

all copper slow wave structure. This technique will, however, result in

lower axial magnetic field than integral pole pieces, therefore, requiring

magnetic material of very high energy product. A suitable magnetic fie~d

intensity for focusing the required beam power is obtained with Samarium

Cobalt (SmCo 5) rings.

Slow Wave Structure

The slow wave structure consists of a three section coupled cavity

structure separated by internal attenuators. The cavity design is similar

to the Bell structure, and operates in the first space harmonic.

A velocity taper is introduced in the latter cavities of the last

section in order to maintain the electronic efficiency over the instantan-

cous bandwidth.

Realization

The resulting operating parameters of the tube are given in Table Ill

and a photograph is shown in Figure 3.

A modulaLing anode has been included in the gun design to facilitaLe

turn on and off the tube. The static switch-on behavior of the tube

exhibits good stability as shown in Figure 4. This characteristic is of

particular concern since PIPM tfcusing systems may uxhibit regions of

instabitity.

Figure 5 shows the TWI gain at I kW output power level vs frequency

as tested in the HPA witn the first prototype tube. Improvements were

E4-7
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made in the internal matches of the tube and are reflected in the prelim-

S inary measurements taken in the second prototype, shown in Figure 6.

TABLE III

OPERATING TWT VOLTAGES AND CURRENTS

MINIMUM NOMINAL MAXIMUM

HEATER VOLTAGE 5.7V 6.3V 7.OV

HEATER CURRENT -- NORMAL OPERATING .... 1.5A

CATHODE -- BODY VOLTAGE -23K -- -26kV

BODY CURRENT .... 45 mA

COLLECTOR -- CATHODE VOLTAGE +12 kV -- +14 kV

CATHODE CURRENT 300 -- 500 trA

MOD. ANODE VOLTAGE -4kV -- -10 kV

Figure 7 shows overall DC to RF efficiency neasured in the first

prototype and for different collector depression levels at 1 kW power out-

out. Small increase in circuit current was experienced for collector

depression up to 66%.

Solid State Driver

During the design phase of the HPA program two amplifier designs were

evaluated. One was a two stage Avalanche Diode Amplifier (ADA) that

produced 200 mw with a gain uf 15 dB and the other, a newly developed

single stage Gunn Diode Amplifier having the power, gain and bandwidth

equivalent to the output stage of the ADA. Table IV shows the trade-off

data for both amplifiers.

_ fABL'__ IV

DRIVER TRADE-OFF DATA

AMPLIFIER TYPE AVALANCHE DIODE AMP GUNN DIODE AMP

36.7 TO 38.2 GHz WITH DESIGN GOAL

36.0 TO 38.6 GHz
NLUMBER OF STAGES 2 2

NOISE FIGURE 35 dB 18 TO 25 dB

OUTPUT POWER 100 MW 100 MW

GAIN 12 +0.5 dB 12 4-0.5 dR

E4-9
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TABLr' IV (continued)

GAIN VARIATION

OVER FREQ. RAINGE 0.5 dB

OVER FREQ. RANGE AND 55 +S5C 2.5 dB 1.0 dE

OVER 200 Mhlz SEGMENT AND

55 +5 C +0.5 dB 0.5 dB

PHUaSE LINEARITY (OVER 200 MHz) 1 1JSEC GROUP DELAY +1 DEGREE

iC POWER 2 4.OV 0 0.5 AkMIP 9V @ 2 AMP.

Because Of its favorable noise characteristics, the Gunn device was

selected as the driver to the TWf. A description of this development is

beiqg presented elsewhere in this Con.'erence.

Figure 8 shows the available drive power over frequency, at the input

flange to the TWT, including the driver and all microwave components shown

in F;gure 1.

WAVEGUIDE COMPONENTS

Sýeveral standard Ka band catalog componenEs are currently axailable,

however, appreciable redusign was requi.red for high power components. Of

particUlar importance is Lheouttput ferrite circulator, since it defines

the tube load and provides fault protection. Figure 9 shows the output

waveguice assembly, including the circulator.

.Hih iPow.r Circulator Development

The ferrite circulator design used for the HPA was a 4 port differ-

ential phase shift type. The most critical parameter for the circulator

was insertion Ios; silire it controlled the electrical performance of the

HPA and the,. thermal design of the circulator. The proper choice of

ferrite maLterial, territe bonding techniques and distribution of the

water coolin.g to the elements of the circulator allowed insertion losses

below U.5 dB with isolation in excess of 20 dB.

! ý.ii \ I.'TAGi: 1'OWLR SiUPPLY

As discussed previously the TW'T o')erates in a depressed collector

con. iguration within thL limits of voIl.ages and currents given in Table Ill.

For the intended tactical use Lf the eýquipmeit. techniques which will

min imize th, volume and weight of thc equipment, in particular the power

F4-10
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supply, must be used. To accomplish this objective the following steps

have been taken:

* An inverter type of power supply was proposed.

* Liquid cooling of subassemblies and components is used to the

maximum extent possible.

0 Oil immersed assemblies of all high voltage components maximizes

the packaging density.

The simplified block diagram of the power supply is shown in Figure 1.

The primary power line is rectified, filtered and inverted into a high

frequency synthetic line, chosen to minimize che size of the High Voltage

step up transformers and filters. A 10 KHz frequency and ferrite magnetic

components were u'ýed in this design. The duaL inverters allow voltage

adjustment for initial set up and to provide the necessary voltage regu-

lation, controlling the phase of one inverter with respect to the other.

The use of a high frequency synthetic line followed by rectification

and filtering presents a number of important advantages in addition to

size and weight. In the first place, the coinpunent values to achieve a

given filtering characteristic are very small, resulting in small stored

energy, therefore, minimizing the risk of destruction in the presence of

arcs internal or external to the tube. The stored energy in this design

is less than 4.5 joules in both the collector and cathode supplies. Also,

the power cupply may be turned off from the primary side by inhibiting the

inverter trigger, which occurs every half cycle or within 50 microseconds,

allowing extremely fast turn-off in the presence of a fault. No crowbar

is required for adequate protection of the tube, thus avoiding the well

known problems associated with these types of devices.

CONCLUSIONS AND ACKNOWLEDGEMENTS

fiie feasibility of achieving high power amplification at Ka band

trequencies over a relative large instantaneous bandwidth, in a physical

configuration suitable for being integrated into tacticel satellite communi-

cation terminals was proven. As a result of fulfilling the design objectives,

several advances in the state of the art of mm Wave active and passive

components were accomplished.

E4-12

UNCLASSIFIED



UNCIASSIFIE

HV POWER SUPPLY

E4--T&3

UNCSSFE



S~UNCLASSIFIED

II
This program was sponsored by the Naval Research Laboratory,

Mr. C. Stillings, Scientific Officier, and the rei~ults constitute, the

combi",ed effort of many individuals. Particular credit should be given

to Dr. H. Seunick and F. Weinzierl for the TWT development, Dr. R. Gold-
wasser for the Solid State Driver, A. Booth for the High Power Circulator

and R. Evans for the HVPS.

I
.1
I

E4-14

UNCLASSIFIED



ANALYSIS OF AN ANISOTROPIC DIELECTRIC RADOME-

by

Donald G. Bodnar and Harold L. Bassett
Systems and Techniques Department

Engineering Experiment Station
Georgia Institute of Technology

Atlanta, Georgia 30332

ABSTRACT

A grooved-dielectric rzdome panel is analyzed in terms of an arbi-

trary direction of incidence on N planar slabs each of which is dielec-

trically anisotropic, homogeneous and lossless. Using this model for

the grooved panel, transmission coefficients of 90 percent or greater

over a 10:1 frequency band and over 00 to 600 incidence angle are pre-

dicted and demonstrated experimentally. Measurements are presented on

two panels from 3 to 35 GHz.

I. INTRODUCTION

Reflections from radomes can be eliminated by smoothly changing

the dielectric coustant of the radome from a value of one at the inner

and outer surfaces to an arbitrary value in the interior Ll.. The

possibility of physically realizing such radome p, rformance is analyzyuc
in this paper for a particular class of grooved dielectric panels shown

in Figure 1. This panel is made by machining triangular grooves into

both sides of a flat, solid piece of dielectric. It has been expcri-

mentally demonstrated [2j that the panel shown in Figure 1 can indee: have

broadband performance. The purpose of this paper is to establish a

theoretical basis for this performance, present some new experimental

data, and to provide some new design data on this type of panel.

The radome technique described permits very broadband radomes to

be realized that also operate over a wide range of incidence angles thus

eliminating the need to "tune" for a particular frequency and/or incidence

angle.

*This work was supported under Contract F33615-71-C-1694.
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II. MATHEMATICAL MODEL OF PANEL

The panel shown in Figure 1 is both dielectrically inhomogeneous

and anisotropic since the dielectric properties vary both with position

and with direction at a particular position. This panel was modeled as

a series of slabs each perpendicular to the z axis as shown in Figure 2.

Each slab is homogeneous but anisotropic in general, and each is intended

to represent the medium parameters at the corresponding z location in

Figure 1. Let there be a total of N slabs including the semi-infinite

isotropic-dielectric regions on either side of the central slabs- The

m-th slab starts at z = d and ends at z = d . In the m-th slab them-i m

permeability is a scalar constant i.L and the rectangular component-s of

the permittivity tensor are given by

K 0x
m

Cm 0o v 0

0 K 40

Z
m

where e is the free space permittivity and K K a Lnd K are theo x t y z

dielectric constants in the various coordinate directions.

A series of ordinary and extraordinary waves ý3, 4, 5J will cvpi.cali,'

be generated in each of the layers of the panel when a single plan, wave I:;

incident from the 1-st layer. A superscript o and e will be used to distin-

guish between ordinary and extraordinary components, respectiVLely As
shown in Figure 2, the total electric field in the m-th layer will be com-

posed of an incident field Ei traveling to the right and a reflected fieldi

r traveling to the left. Boto of these electric fields will, in general, I

contain both ordinary and extraordinazy components that travel in ditfurent

directions with different velocities. Several ordinary and several extra-

ordinary waves will be present in each E. and each E if the optical axL'•

1 r[II nI
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in each layer are arbitrarily oriented [5j. It can be shown that if (a)

each slab is uniaxial (or isotropic), (b) the optical axis of each layer

lies in the x-y plant, and (c) each optical axis is either parallel or

perpendicular to all oLher optical axes ther (1) only one ordinary and

one extraordinary component exists for each . (similarly for TE ) and
r

in in
(2) the incident and ri'ilecLed waves in a medium have the :.ame ordinary and

extraordinary propagation constants, namely ý 0 and e, respectively.
In in

Assumptions (a), (b), and (c) are valid for the panel in Figure 1 and will

be mada in all that follows.

According to Born aad Wolf [3, and to Jones [4*, the electric flux

density D of the ordinary wave in a uniaxial crystal (assumption (a) abiove)

is perpendicular to the principal plat.e while D oL the extraordinary wave

lies in the principal plane. The principal plane is defined to be the plane

containing the optic axis and the direction of propagation. Thus in each

region there are four principal planes, one for tie ordinary and the extra-

ordinary cowponents of both the incident and the reflecte-d waves.

A rectangular coordinate system will now be cstablisheu for each of

these four cemponents in terms of the principal planes. For brevity, let

n represent any o0 the four directions of propagation vectors. Let u

be a unit vector in tne digcction of the optical axis in the to-Lh region.

Notice that u is independent of w'Aich ol the loir direcLion of pi, pagti-
in

tizn vectors is selecttd for n . Let u bh" a unit vector perpin'Ii ;ulaiin I_
in

to both the optical axis and the direction of propagation n such thatrlb

n x u
in o

UJJ nxu- (2)

NoticU that u depends on which direction of propagation is selected for
In

n . Finally, an orthogonal coordinate system will be completed by defin-

ing a unit vector u in the principal plane such that
In
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u x U

-- m m()

°m ±m

The unit vectors u , u , and u form a right-handed rectangular co-
r m Iim

ordinate system which is termed an optic axes coordinate system. ThC ordi-
nary componenL of D is colinear with u and the extraordinary cor.poneioL

IM-r
D lies in the principal plane. Since each layer is uniaxial, tha dil.ctr ..

constant is independent of direction in any plane transverse to the oý; ýc

axis. Thus, by choosing u , u , and u as the axes, the permettiv•cy0 m i-rnll

tensor can he reduced to diagonal torm with the u and u componf.nts of
Im l, In.-

the tensor being identical. Thus, the components of E along the LI and

u transfer into the extraordinary component of D and the component of E'

along u transfers into the ordinary component of D.

The field components in each layer are repuesented in terms of the

optic axes coordinate system. By matching the tangential e iccejc an•

magnetic fields at each interface z = z one obtains the following re-atica-

ship between optical-axes coordinate-system components on ,-each side of C-

interface

inrf-lm nll Dn Mm) (4,

The A tensor is a 4 x 4 tensor whose components are given i,,

A while 7 and •r41 arc celmnn vectors and

[E7
m

E i

E)
In

ErIE
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and C h1S UIt Same form a6 E with m replaced by. nr-F-I. The subscriptsand l ianh.smefr sf

o and , represent components along u and u I respectively, for the
m 'rm

appropriate incident or reflected wave. By inverting (4) and iy repealed

multiplication, the electric fields inside the panel may be eliminated

and one obLains

I C 6

where

C N- BN-2 BN-3 2 1 0)
and

B m A M1(d)n *A (d) (b
mn r-fil (dn) m m

Usually the incident field is known and the transmitted and reflected

fields must be jteund. This can be done by partitioning (6) and solvingI

the re-sulting equations. One then obtains

= -F 4  F3  i (9)

g ~( F *F Fl =-t 1 2 4 ' 3) i

where

1 ( 21 =2C13 C14]

1= 2 1 c22] •2 L23 C 24j

C31 C32] IC3 C34]
3 22j[3 C]A1 C42 43 244-
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I fand the C's in (11) are the elements of C, and

E 0r
0 

F0

L~ ~ ]Er (12)

The incident, U.reflected Land transmitted ff fieldsý in (12)

are spccified in te~rms of optic axis coordinate systemns. For more con-

v-netusige they need to be expressed in terms of rectangular coordinnu-

cimpinents. If the incident field in rectangular componenL.- in

is given bN

(EX) E ,EL)(-
x y Z

then

E ~E cosO + E sin8 (l

E E ul + E u + E u.

I1he angle i iS thelL or. ent aL 10on of the opt ic axi s i n med himi 1 wi r¾1 rems --
to'he xaxis. Sinc~e medium I is isotropic6ma'haritrit

parallel or perpendicular to OIhe other optic axets. A similiar

can bc [dadk, LO cunver:, t andti r to rectangular cCmpo.-nt 1S.

'tetitlctric prOpeLrt1' i 01 t4he panllel in Figure 1 were IROodCý 6uVY

use iii a semii-infinitte scrip-airraty analys-is [2, 6,. Tithe dieleetrL -tont.

fur pe rperd ico br polýr iza tionl (set' Ft gUre 1) which repre~sents z> I

region d of 1'igure 1 is give-n b.y thek zero of thec fol lowing fun.ci ira-

(K) - + AJ{ K + uam coth (1...
J. 1 2-7



where

A~ 2
0

2-r (1 - -) (7)

and w is t he width of Lhe strip at the z location of interest. The

dielectric constant for parallel polarization which reprcsents K tor
y

region d] of Figure I is given by the zero of the following function:

f (K A = - K tan-I - tanh (B 1KI - K (19)
II• / 2 IK -/2 - KI

and A and B are defined as above. Equations 16 and 19 can be solved

using Muller's meLhod, Newton-Raphson or other techniques. hy using ,i,

appropriate change in terms, (16) and (19) Can be used to detUrmine L":-

K's of region d3 of Figure 1.

The propagation constant of the ordinary wave in the m-th medium is

given by

~nl o• z
k HI

while that for the extraordinary wave is the solution of 7

2 2 2 2 2
-) 0( k) i K

n >-]tYn i. 0 [10i4 0 o i x 1".(32 2) (32 " ) K

2 -K (S2 2
K k) ( - K k2)

--m+l x 0+1 Ym+ o 0

2
2 2)K =(S•l .n -n =
S x Y z. m rnm+ (21)

m
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Since all quantities of interest in (21) are known in the first region

they may be determined for all media to the right of it. The direction

of propagation in each region can be determined from that in the first

region by

n[
8m

Yin+l m+l YM

n + n n (22)
m+l XM+l Ym+l

III. COM4PARISON OF MEASURED AND PREDICTED PERFORMANCE

The initial performance predictions were based on the condition.i for

which the Richmond WKB solution is valid [1] for plane wave transmission

througn inhomogeneous layers. For a lossless panel, for any angle of

incidunce, total transmission oi power is obtained; the insertion phase
delays of the parallel and perpendicular components are equal, and the
phase of the transmitted wave depends only on the average value of

2
.<(z) - sin B in thte pane] of thickness d.

The main problem with applying these results was that oa realizing a

practical structure that has the ruquired variation, K(z), of diclectric

constant. That is

(1) r. (0) 1.0 (incident point),
(Z) e (d) 1, ,.0 ('x i t po0i ntL), and

d K (7) 2- 3/2(3) d z 2k.. (z) - t
' dz

as requirnrd by Richmond's WLB solution.

In utilizing these results for the panel in Figure 1, additional dtsign

E1 - 9



data were required. As previously reported [2j, the spacing restriction

is:

22/), , (23)
V + 1Kl sin!

where

6 = angle of incidence,

K, = 1 (dielectric constant of free space)

K = dielectric constant of panel material, and
2

2z = center-to-center spacing of the strips.

There was also a restriction on the rate of change of the dielectric con-

stant with distance. The restriction for which the WKI3 solution is valid

is given by

(z sin 2 3/2

X< j z [- sin -(24)

WheI e

K (z) = real part of complex permittivity function, and

0 operating free-space wavelength.

By utilizing Equations 23 and 24, design parameters were calculated tor a

uroadband panel and these data are tabulated in Table 1. For a c..Iter-';,-

center spacing of the grooves of 0.26-inch the upper frequency limit wouij:

be 18 GHz (essentially the upper frequency limit is controlled by the groove

spacing.) The lower frequency limit is controlled by the depth of tN.e.

grooves, d1 , and for 2 GHz to 18 GHz operation, this value would be 5.8

inches. This thickness was impractical and it was decided to use a panel

Lhicknes-s Of 1.5 inches with 0.625-inch groove depths on each side of the

panel. fhth panel did have an upper frequency cut-off near 18.0 CHz while

the lower frequency cur-off was near 4.0 GClz. This panel is referred to

as Panel No. I in the section on measured results. Another Panel, No. 2,

was fabricated with a groove spacing of 0.125-irch and data are also

presented on this panel. Both panels were made of Rexolite.

E5-10
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TABLE I

Calculated Parameters for Broadband Panel

fmax' fmin 1 Ilmin

(GHz) (Inches)* (Inches)

2 1.20042 5.78973

4 .60021 2.89487

6 .40014 1.92991

8 .30011 1.44743

10 .24008 1.15795

12 .20007 .96496

14 .17149 .82710

16

18 .13338 .64330

2u

22 I
24 .10004 .48248

S~26 -

28

30 .0800Q .3859g

32

36 .066b9 .32105

*',OtL that 2, is the half-spacing of the strips; the center-to-ctLl er

spacing is 2k.
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A. Measurement Technique

A microwave phase shift bridge free-space technique was employed Lu

determine the broadband panel insertion phase shift and insertion loss az

functions of trequency, incidence angle and polarization. A Scientific-

Atlanta phase/amplitude receiver was used in the measurements to obtain

the panel transmission data.

A reference flat panel was inserted between the two horns in the sample

arm of thle phase shiit bridge and the system was adjusted and calibrated

so that the reference test panel transaission properties approached those

of calculated data for a theoretical flat panel. Once the reference flat

panel measurements were completed, the broadband panel was inserted into

the test fixture and the transmission properties weie recerd.d. These

data were taken at 1.0 0Hz intervals from 2.0 GHz to 24 GHz on Panel No. I

and from 2.0 GHz to 40 CHz on Panel No. 2.

B. Measured Results
0

The panel transmission data are presented for the 00 and 60 incidence

angle cases only. Tie data for the angles between 0° and 600 were measUred,

and since these data fall within the cases plotted, it was filt unnut-essary

to present each data point. Thus, only the extreme cases are presCetCd

here, It also reduces considerably the number of plots required to define

each panel.

The transmission data for Panel No. 1 are presented in Table 11. B4oth

the measured and predicted values are shown. Note that the transmission

properties of Panel No. 1 are excellent to about 20 GHz. For vertical

polarization (the perpendicular polarization case), the insirtion loss

changes drastically near 20 Gliz. On the low end of the frequencies tested,

the panel did not transmit satisfactorily below 4.0 0lHz. Panel No. 1

operated satisfactorily from 4 GHz to 18 GHz.

The transmission data for Panel No. 2 are presented in Table III.

Again, only the 00 and 600 incidence angle cases are shown. Tile panel had

good transmission pruperties from 4 GHz to 36 GHz. Transmission propertius

of the vertical polarization case, which is the worst case, ore tabulated

from 3 GHz to 35 GHz. Spot checks of horizontal polarization were made

which indicated that the panel transmission oroperties art better for

E5-12
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horizontal polarization than for vertical polarization. L2e agreement of

phase angles was worse for Panel No. 2 than for Panel No. 1 since the tops

of the wedges of Panel No. 2 were blunted instead of sharp as in the

mathematical model.

The- computer analysis program, which is being presented in t'iij; paper,

was formulated during the panel measurement program. The analysis verifies

the meisured data as indicated in Table II and III. By having• this program £

one can analyze the transmission properties of any anisotropic dielectric

panel.

I!
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Appendix A

AMNPLITUDEý COEFFICII.ENT T'ENSOR

The tensors A and A.+i have the same form only the subscript are

different. The argument d of these tensor funcLions, however, is the

sanre for both. For an argument d, the fcrnu of these tensors is as follows:

Al AI AI AI4

A11 A12 A13 A14

A21 A22 A23 A24
A (d)

IM A31 A 32 A 33 A 34

rn A A A A
41 42 A43 A44

where

A,, (Cos U + C. i n d) =:
r .1, X I M

A 1 0kd
12 X*X.L m

(A o!(; -[+ C e r "' (J)I m r n) n
Ur Or xj

ES-1 6



A14 =u e (d)
m _

A2 1  (sin Om +CIim ui ()21 yl -

A u eO(d)
22 y± in m

Sr~ ee

A inr +0 u e e (d)
A23 m lIr yll m

in m

A u e (d)
24 I

A = -ne n 0 + C (e u n ui " t(d)

31 m zi m 'm yi m 1UZIm zi 111 n

A3 2 %- "n u - n u e (d)-n • Y Z-Lm zi Yi III32in in II i

A e I-n sin u - C r - n td)A33 P I r m ir ( yr Z11 zr %v
r/In mn 1n11I,

0o,' r 0 r\
A i• i y u - n u (d)

34 m r z- yi nl\ in n in I

li, cos 0 .C u -0 -u Cd)

A41 i Z•e Iz mn I. in 7 111 XlM X . : In;"

A1  ~ tm m-m il 1

A42 m n X -in xi II eIT



ee r x r e ~£dA nLrr e + k;r uxm- e r

A 0( ur -n r\ e0 (d
A in lii n e (d44 mýzrm x~ xr rn/M)

To simplify man~puldLions, the following Ucrnis ý.CuL Jufhn~k,. LitL

fou

i.n

ce

nn

-j 0 n. dnvt1 Zv r+ in

nr ~e-l ie.

P~~~ eedm Z +

alo a

0- c

In z I
e e(d )

ni- ni



Thc parallel components of the field were eliminated by using

n D = 0 thus obtaining

IEi
E' C .

11m II 11 om

where
e e .n, K Cos + n. K sin

.I x i y Y m
m m II Y IUC = -

Kfl i e iellm n.K u +n.< u + K u
x1 x i 11• yl Y Y11lm 1 zi z uZl1;

m IIIY• m II M

and

Er rC Er

whore

n K cor'0 + ne K sin 0
xr x m yr Ym m

C n K u + K u + n K

xr M x Ixil III Yrm Ym Im +l i -m ,

The angl. i s ustd to SpICify tOIL orientation of the optic ai witi
in

rnSpict to the x axis in the mn-thi layer as

Ut cos CO g n + SArO :j a -I 0.,
U, fl' x in y ;

In
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EFFECTS OF SURFACE MOISTURE ON THICK. RAI)OMLS AT 8 min
by

R. L.MNather. i. M. IDevan, and H. Milligan
Naval Electronics Laboratory Center

San Diego, California 92152

WATER EFFECTS, GENERAL AND QUALITATIVE

The princicIpalI purpose o I tile rado Inc in a SLuhma rine a pplica t inn is to exclude water fro m
tilt suhlmerged anttennaf sti-r t Ure. he liantenna properties will lie used onl y when thle sul'ni a rine

is slrt i ed. I h wcvcr, tilie radomek may be covered with a reSidl nal water layer that remlaIns l ter
sourt aciilg (r it may be wet ted hy spla~sil pray , or niml. Althou~gh it does not appoar possible
to obuti fol r Lomiputatio ul Irposes a rig~lOruS mathematical description of- thle typical water
layers that may okCcuir onl the radolie sur-lace, experimental studies have been made of antcima
propertivs whilie tile: radmi ne Ilas, he. -wet ted with water spray. 'Tile comnhiltat ion ot simple
C1cLcilla t OýIlsll experi mentat dati yields a first-order underst and ing of' the radoiri water eff ect,\.

BLeealist severe t'Lindamentdl problems exist. hoth in tile calIculationl and tile CXpe~rimnti._n
mecasuremeI~l 0It I water elec'uts, a quLa~l~itive counjectutral picture of such ellt-ects is first presCn ted

in odcrto it ileavailable k:1d Iulion llsAnd mealernetls into a coherenlt LolntextI
VWatei 11,1".an ,lllonlllilousl~I hghllee.t~ constant and loss tangent for bthe 35-4041(A1t

leginil In CIlilpaloll win thl the dwielctri ititei~icrls used tor tlie radoini. Water layer,, a few
tttouxandtlbh of anlltic-I thick caus llaj al etlllatioils of' the fields. Wabcr drop,, larg-er Ilia:�
100) illieronls I -(J. I min11 =0.0()4 ieu, 10 in dilaimeter ( roughly tile dividli g line bectweeni lotg antd

rain) are esNell talll' opaque111. I-or laycrs. and drops of these smnall dimtensions, surtace !C11lstll
trees, .lre %er% 5121ipll .ca, .I. III e xpeliittent and aplplication, insufficiently known surf ace tenstonl

-I Ile kcle.Il surt' ace ofI tho BIt A-4 ratdo IC used( Iin these experinietm ts 11 Is q ut water repel-
lanlt. At lw)% Ntras late (If freshl v ater, tIlw sul lace I-, dotted with clingmeu drop% separatedl b\:
dry Nurta~k* A largo frI.itiul of ilk, surjacc is setttiallv dry, and atllciai~ perf-ormanc~e Isý

,iiilmsi lilt~lc leed 1w tIlek w kjer dut. As tile- dell-sltv of- drops increaiNse. .1 1tgulatitIn ttlrcslloldi
it, rcltllel. aittd I iiansielt rix Itl-' arry otM i11.115 (d tile accumulatedd dropsN. UL~iidr cekrtaiIn Coin-
dIltihol1 N, theC siL It crd radlI .til I 1()III10111 theseI T tra wllst rivletC s c:an be obsecr\ cl Il tiIlie ildk:l(Ii'e
ie-gimils1 1oil t1le lltllii pat11i te UiL Ikle Ilolse 1. AN thle spray rate illeruasoN. thet rixtileis lorlll
Ilore, Irettlieli Iii aind ImAINtl Ilrue t i ri rIa conhimluouMs -ijtn ove! thle suirla Ie. with akcoill-

l"Illylig lll1ftl I1 1llel~att. I Ite- elk-ll1oral 1uLIevetless' ()ill-bn film will 111Ctleiloual h
h11ll 1bea-m I [lit tel -1101"t1lIlolwe). ( )I~VSiisc 5 llin f1111l,,s l~rlned and the lul-Otow pb tcrll hias
Wel~kl etbiIe Ilic 111111 thiicknI,ss :nklcrasesN rlt cI~t;\d sNt wI' with pryrate.

I Ihk %Yater film1 I,, estahhhi-tsIi mlitrke elsltv midt Ill111AilCIIIg'_1 tile otc t' t I tdOillh' surfacej
1,\Ils-1 bee eolatllililatcl (if It ItO.- wtlcr i(nfIiItIii ceI~lnaf kind-, ot Impurtilis-. A 131 A- 1-typo.

iIJLililtW aNd IlillilCi1' sIII thle oce-an tior seveia ini lliNtl Indl 0hNsrvatllionN weB ill;ltk "I 1.h1L

bIll)p hwhii l fllIt 1111tcctired. I Ile e.XIprlliltlilt ildn tid tht biolo0gi: i011L! tllaiV Ilie all lw

hali nm iie~ir the sIlore of' Poinit 1.0111 1 (I per.Ihap slightly -()IIIt.1IiLLilte I\ Salt l)lee seag
1IM1i lIo iap poaired litore IlllM. q uall iiitiveis . tiIt) flnIorlllatil oil 111tle 131 A --I 1111 in Idkl Saln DIkIeO

City WAITe. IlI'sVeer, mulst W' tile eXpeCrtlelVital resuilts Itor Ilie Iwvo types,, ()It water wele



1 I-IORLTICAL CALCULATIONS

wvater was iuodided h1 a 111111w i II latveiol (lilctrcick over [he radorne stirta1kCe. thle dielectric: .ind
loss Cohitliots for [he \t Jce layer arc Ler%- high tehr[ Y it) those !'or [tie radtonic i1;ttertirl. There:

has bieco 1oiicertarolvI tII [tie pt)Jlt'i V'ilUe 011 t W [lie lCt eC0INsLIlk ts 1 8-1unw1 velog1s and We
hlave Used lDr. I lossý mrl I-- Iiiti\\ot OfItk' Natiouji1 hIWurean of Std[;intlards. Botiltlder. Colorado, Js ;)ur
expert ooi liese, cotirt11taii I tINlt- 11cs! rec~koromeiided" S alies, tot ( 0penlIiagt'o Waller Id laboratfor-N
stilodarcl sisili 1i1V i11ted Ill tdlhIC I l.T'e ',Ialii to1 the diele:trte kooslrutat Ioisns.m 15 pc-eree

higher I Oucsed0 nil liiý eltiit it licthese Ii etiiie'.)un older vailies Vised nof lowetr I-re-
queI1Nc Iojtitlns Ilke ticlt-mtc1 cX1catxlesot used to Ilit tlie delicctui %c onstaint datat pre-
dic-ts changes. xci It eqiklecl % aiid saiirI~ winýAhch are: smiall coniiipired ito Etiose tor cliaiiges of

temperature. Ilic pt edik.Lodlinkcrase ot water-layer ;tClliliMIOtii hetWC-eeo 01 .iod 20''( 1:. aboUt

35 perceol.
AN1 llinCeVesi1 lkie emiie oft Olie t1OI liereca c~iaiciii fil te ititeracLtiotl ol [lie mi-riunt.

refleetrons. ot [Ihe raIdtotl intkl %NCr it ayers. 'Iliese tolelracliions are such~l that the peak-s ot' trails-
1lsiiili oAIIJ ttki cii ha t~c'liti iohets of cjwti-ae thincknesses tolth[le .trv ra1done shiftt

"t"od IL; C11Ctis of [ti adt tie la~eroon h [iieatCiioIapatteroVtkd-.caLoatek!to betquite

I AIl I .11. S AWAlI-lFR1D11 1 l-(lIR A t'RUI'K-l hIS

I Reui111t11titlded N Illies to[ (tpeniiageti wa)e h11. 1.. lBuissey I CI)l 74 1-

_______. )7.4__ I"t 38.4 dIl/

u ~~ ~ ~ i t7tk01.6.)> 1%

ISI S57 I. 15 o 1i i I.07

21 1) <03 1. 1 lN. 4 1.5

I..lS 1.41 091A.13



EXPERIMENTAL MEASUREMENTS WITH UNIFORM WATER FILMS

A uniform water fitm could be established experimentally onl file adoinC surftacc in
t tree ways: (1) file water could be held in place with absorbent paper tissue. (2) a lam i war

flow •f waiter could be established over the radomec surface; or (3) A olitinuotLs 11 Ot water
could he formeLd over the radonme surface under very high spray rates. I lie tin:isuireitiealts
under thl.ese cond ittiolts showed excellent agreement with the conpairable calculatlions. ltxalll-

Ieh-, of sueh d;.ita are shown In figure I for transilissiolfl vs water filmn thickness•.
The antlelltia pattern measure ne itis show somewhat more degradation of the pittern

with the water dini than was predicted by caIlculations: however, the effect,, may not be out-
side those resulting froim the ex-cii;neatal errors in the uniformity of tlw t fili.

EXPERIMLNTAL MEASUREMENTS WITH WAILR SPRAYI I. \ptrliCIItal icasiaSrenients done with1 water sprased oil the radoitIc are closer It) real
Navy cintillidohs, although all such measurements suffer froan time varia ttnow, of VarloL., kind',.
I)uring cxperiments with water spray, the antenna range site Was sornewih.t windy so0 that thle
spray wa, wind-bilown in a millainer tihat ieigigt be expected at sea. (A time" i.ecord aw- of tilti
range Nign•il lor several spray rates is shown .it figure 2.) Spray rates inI excess of 310 iCesli
per hour werc required to maintain a continuous film over the B3LA-4 radttmic surfa.ce. The
signal loss -••own in figure 2 resilted almost entirely from water on the 1,1i11e1rC silriIC-.' Mid
very little f'.i,,t spray suspended in ih' air. Tfile time required 1,,r the siga.d a IetO ' Cl ' to

within (0 2:5 dll of the dry ratdone nia •istrnaison was tibout 30 seconds.
-]-le iitkc na pattern measuirenlents were: ,nade as the atitennai-radote coiiib inatiti was,

turned at a cotnstant rate. The resulting plotted tunc;ion is a conmbinattio (iI hotth anguglir
Lariations .111d time variatiohs. The variations that were too rapid to be antt'liar vari•tiois are

attribtiled to tine variations.
"i~o aintennas were used within the radome: (I) a low-gain, -mail-tiLert ore. lihiearl

polarticod. _,Jm-slanklard hiorn, and ( 2) a high-gain, large-ape.rtutre (. I -in. )., t,'ht circulailypkal

iied. pariolic dish. Antenna gain is used as ail indicator of eflective aier ttc si/c. mid lig-
tire 2 ,,how, tlhat wajter spray effects are l~irgcr with tihe low-gainr (snmall-a)ci 111re) atlICI'llIJ (J,I"

would he ,\ peektcd ). No difterences ini effects could be attributed to tihet dith'rence iii potlar-
il/till lui enwecti these antennlas.

"Ii h. k Its mfrin over the radonIe suirface even at low spray rates. 'I'll , teii lll tiii ( tIisl i 11
semilds) ,-.•.,Itlcring poalit is separated froml tile main antenna location, and .i beat beltw+et tilte
sealeCred I,1t hllIOII lild (lie direct bemir is observable as the assembly Is.L tietid. 'I ils,, I MLore
promintent witih the stiall aperture (fig. 3 t than wilth (he large (fig. 4). Au aimplitudte relative
It) tilti 11.i 11 hiCa1 111 can be asigned and is plotted in figure 5 agaitist .aai eti ita ganten .

I he ,splatter of intividual drops Is lirestIiCed Ito disturb briefly (tfi 11lion1 ot a scoCnd ) the
t tiinutitti' wiater ilanm toraned at high spray rates to produce "pitter-patlet nutliose. *Ihiis iulise
is tisrtv.ithil i,, scattering in the sidelobe region ( fig. 1) a;id 7), and its anildlitilh• is also ploted
II ligiorC . i"',ist tiiteIliIa gain. [he pitter-pitter also ainplitulde-C ilodtilla t'N lilt' iiliti IeAtitn it

h1w <itld1 Vi I rcqecelLCsCI (below about 25 Ili.), aind the percent niodulatioin us tiid icAted iII f lgnl C X.
I lit' rei etpc t i• ir llt is dramanetically less subject to pit ter-patter nlise.

Tli I it.irt's 3, 4, 0. and 7 -over low and high spray rates and s-iiui.l .11d I.iWtc aper lili'is
to give i itiim'ti (st'rvitw of the cflects of spray on aniteana patterns. In Ifiltuu 7. tilt' rCla; ý I'

sltloinot It %t1 (Tor (lt- ntear sidcle,,hte hias been increased by the splay. In to Iie'l dtli, tile, ICIa-
live iiiCerel.t, hasteno tilf (hu Lit•tl of Or less than the i.aill (te.ali atteiitiulluiil.
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CONCLUSIONS

Ihe ttets u sula~e liistlie illa t ick ad e at X mm11 liaVL beeni obseived tinder a
variety ol coridititin- andl ;mily/ed ilt)o onaiilni it, lilm component. aj trickle comiponeint. and a
pitter-pai!?er c0nrpiui1ellt. Hiie 11111 Witni t't ltectx ;ippeii to bec calctjliiblc. and imiproved wat'er
dielectric constlant intorinat itio hrl ithese reqocies has, h:en produced. The tr[ckle and. pit ter-
patter comiponenlts have bee1iiasure 1VSFCli la1 rge Mnd smnall ellec tive apert ires, wit! the expe e-

tation that :mperttlres of or let ses will t'all nit tlit. samlie ctivx-es.
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SECOND AND HIGHER ORDER RADOMES
FOR MILLIMETER WAVES

by
It. A. Ilaywarl and G. Tricoles

General Dynamics Electronics Division

San Diego. California 92138

1. INTRODUCTION

Millimeter wave radome techniques differ from those for centimeter waves

even though both types can usually be analyzed with a single method and fabricated

from identical materials. A major difference is in the thickness of the radome

wall. For narrow band radomes*, which usually consist of a singlem homogeneous

layer. the wall thickness t is either thin relative to the wavelength X d* or isd

approximately an integral multiple of A d2. These thicknesses maximize the

transmittance of a fl 1a dielectric sheet for wave polarization parallel or perpcn-

dicular to the plane of incidence. The same thickness criteria apply to curved

radomes because a radome can be locally approximated by, flat sheets. Clearly.

for the clases of radome designs such that t is much less than X (thin wa!l desigi)d

or t approximately equa ,di /2 (half wave design) a millimeter wave radome would

be thinner than one for cntimeter waves.

Although the thin wall and half-wave radomes are common for centimeter

waves, at millimeter wavelengths the thickness may be too thin to withstand prac-

tical aerodynamic loads or pressures. In such cases, thickne.,,s values equal

2( d/2) may be acceptable. If not, even higher order designs such as 3(d 1/2),

4(X /2) and so on may be necessary.

*A narrow band radome attenuates relatively little in a freqtuency band a few per-
cent from the center frequency. Relatively little means usually that power

transmittance exceeds -1 to -2 dB.

"**The wavelength Ad is the value in the dielectric: it is 0o/r 1 , where No is the

wavelength in free space and n is the refractive index.
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Thi~s pper gives predicted values of electromagnetic perltrmance for higher

orde r radome designs. The analytical method has been described earlier. i

In addition, experiment data abe reasented to verify the accuiacy of the thcthed.

This verification is new and significant because it eaontates the accuranyapertue

analytieal method for thick radomes; in earlier work, only hall wave and thin

radomes had beern utilized.

Although man.y, variables affect radome design, the scope of this paper is !

restricted. The main variables treated are frequency tiie ratio of wall thickness _-

to wavelength. the radome's shape and dielectric constant, the size and aperture [-

distribution of the antenna enclosed by the radomne and its orientation in the radome. ,p

We only illustrate general properties for wide ranges of parameters. For ex-

ample, boresight error is presented for a streamlined radome for thicknesi rang-

ing from small values to a full wavelength; this result shows some apprently

little-known performance penalties in the boresight error of a full wave radome.

In addition, the effects of defocussing a paraboloidal reflector aro evaluated for a

spherical radome, and it is shown that defocussing can increase transmittince by

compensating phase aberrations. ** In contrast, antenna defocussing seems inap-

propriate for streamlined radomes because incidence angles vary widely as the

antenna beam is swept from the tip to the flatter parts of the radoine. Multi-laycr,

broadband radomes are not included in this paper because some 01 their layers

would bc extremely thin.

Millimeter and centrmeter wave radomes differ also because mechanical

tolerances are more strinvr'nt for the smaller, millimeter waves. The wall thick-

nes:s during manufacturing must be carefully controlled because transmittance

minima occur when the thickness differs by X ,/4 from the vilue for a maximum.

i*leferencer are collected at the end of the paper.

-Defocusing was suggested to us by Dr. I. Mather in private communications;

see Reference 2.
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The position of an antenna is a rademe can also influence transmittance. Aithoutgh

such tolerances ar- important in practice, their detailed evaluation is outside the

.CoIX of this paper.

2. STREAMLINED IRAtDOIME

The boresight error and power transmittance were computed for a stream-

Slined t'adome with length 24 fre-c space wavelenfihs X, and diameter 11 X The

raddome's shape was ogival and its dielectric constant was 5.5. Tne enclosed an-

tennm. hlad uniform illumination, and provided symmetric and antisymmetcic outputs

tor sum and difference patterns. Calculations were made with the theory ot HRcfcr-

nece I by computing antenna patterns. The aperture was subdivided into at A/2

square grid. and a bundle of rays was traced through the radome for each patten'

angle. The ray tracing was repeated fox each gimbal angle. Figure 1 shows

values of transmittance an.] boresight error toi gimbal angles 8'• •nd 1(6. the

region of inivimum error.

The results shiow thficc maxima of transmittance at zero thickness, and when

the ratio of thickness to wavelength corresponds to half-wave and full-wave thick-

ne.:ses. The aperture diameterwas D, k . For the half-wave thickness

(t ',X o0.24, or t/Xd , 0. 5) transmittance is high, and the boresight error rangeso ci
trom 2 to 5 milliradians for the tvo gimbal angles. These errors are typical for

uniformly thick radomes. For the full wave thickness, transmittancc i6 also high.

but the boresight error ranges from 6 to 9 milliradians.

These calculations for a streamlined radomne shape show that at second order'

radome gives high transmittance but with boresight error approxirntclv twice

that ot a half wave radome. This result is understandable becaiuse the phase (i -

lays of a full-wave radome are approximately twice those of a half-wivc rahd,mt.

The accuracy of the analytical method 1vas verified by comparing computed

results w11h measured data. For example. Figure 2 compares measured and
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computed 11-plane patterns for the gimbal angle 0° (radorne and antemna axes

aligned). Figure 3 shows boresight error for the antenna axis gimballed in. the

,l-plane. The radomc for Figures 2 and 3 had small thickness variations to re-

duce boreCsight errors below those of Figure 1.

3. lIEMISPItEIIICA 1. IRADOME

This section describes measurements and calculations for a blunt radome in

a hemisphere on a 'itrcular cylinder. 2 Measured and computed farfield p:tierns

and boresight error are presented for two distinct antennas. In addition. com-

puted values of the wavefront propagated through the radome are given. These

waavefronts are aberration functions. They are significant because they reduce

transmittance. This mecthanism, which is distinct from attenuation by absorption

and reflection, can be reduced for spherical radomes by defocusing the aperture

distribut ion. Such defocusing is practical for reflector type antennas, and it is

useful for spherical radomes: however, it seems less useful for streamlined

radumes L, cause, incidence angles vary greatly as the beam traverses the tip

region and illuminates the flatter portions of the radom2,.

3. 1 Ion Antenna

The antenna was a pyramidal horn with aperture 2.2 in. by 2. 7 in. The

radome had 18.3 in. outside diameter, 0. 625 in. thickness, dielectric constant

-pproximately 4.3. and loss tangent 0.03. Measurement were made at 37.5 (;ilz

so the radome was 4. 11 wavelengths thick, in terms of wavelength in the dielectric.

The thiciaiess is larger than necessary for most applications, but this radome \as

available and was utilized to test the computed results. A four-wavelength thick

radome would no practical for higher frequencies, approximately 100 G(lz.

Figure 4 shows computed E-plane patterns with and without ratdome. The

gimbal angle relative to the radome was 00; the antenna and radome axes were

alignee. The calculations were made by assuming that the aperture field was that

E7-4
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of the dominant waveguide mode and the aperture was subdivided by a mesh halt

the wavelength on a side. The main feature of these patterns is the 5 dB loss at

the peak of the beam. For comparison, Figure 5 shows mneasu 2(l patterns. but

at:1 37.5 sG.lIz. The frequency difference occurred because the dielectric constant

was underezstimated. The frequency :18 Gtlz maximizes the measured transmit-

tance. The measured loss is also 5 (1B. Although measured and computed side-

lobe levels differ for the radorne case these discrepancies are attributable to

reflections between the radome and antenna; The reflections are dropped from

the calculations. The existence of reflections were ve'ified by longitudinal dis-

placements of the antenna. Pattern effects are shown in Figure 6.

3, 2 Paraboloidal Reflector

The antenna was a paraboloidal refle:ctor with 16 in. diameter. Its patterns

were computed for the radome described in Section 3. 1.

Reference 2 showed that transmittance was very low for the reflector an-

tenna. Transmittance was -9.6 dB. This value is much lower than the -5 (11d

value predicted for a flat sheet and observed for the small antenna of Section 3.1.

The flat sheet calculations include absorption and reflection. The explanation,

given in Reference 2, is that the phase aberration of the radome defocuses the
reflector. ' The measured value of transmittance was increased to approximately

-5 dB by refor , ing the antenna in the radome to compensate its phase errors:

see Reference 2.

Computed patterns and measured patterns for the refocused antenna in the

0. 625 in. radome are given in Figure 9. The antenna axis is aligned with the

radome axis. Figure 10a shows the measured patterns, for the antenna focused

in free space, with and without radome. In Figure 10b are computed patterns

where the antenna aperture distribution was refocused to compensate the radlome

aberrations.
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1)0th the homnisphierical and cylindrical parts of the radonw.

I.'igur,, 12, sunimtnariz cs beam shift. The values in Fi'igu cv 12 at-c snialler-

11111 110s i 1'Iurcý lo Ile nillrhorn antenna) ea cth lrg r pruu

Thecoliptedph.-wdiztrbutonof the wave propagated through the raidome

is shown in V i2qLL1'()I 101' ira anlge of thicknesses. These grzaphs a.re the phase

obhcr1Naions that (let ocus the reflector antenna.
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Figure 4. Computed E-plane pattern of horn antenn'i with and without hcmi-
spherical radome 18.3 in. outside diameter. 0. 63 in. thick. Horn
aperture 2. 2 in. x 2. 7 in. Frequency 38 GIlz. Dielectric constant
4.3; loss tangent 0.03.
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Figure 5. Measured E-plane patterns of horn amtenna at 37. 5 Gliz.
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angle 0'. Measured (-) at 37.5 GIlz. Computed at 38 GIIz,

- -). The antenna has been refocused to compensate

aberrations.
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"2? DEVELOPMENT AND TEST OF A 95 GHz TERRAIN IMAGING RADAR

by

Fred P. Wilcox

Goodyear Aerospace Corporation
Litchfield Park, Arizona 85340

INTRODU CT ION

This paper describes Goodyear Aerospace Corporation's nil:imeter- wave

radar system and preliminary test results. The transmitted wavelength of the radar

is approximately 3. 15 millimeters, which corresponds Lo a carrier frequency of

95 GHz. The radar system consists of a pencil beam antenna, narrow pulse trans-

mitter, crystal mixer suparheterodyne receiver, and a plan-position indicator (PPI)

display.

The millimeter-wave radar offers significant advantages over longer wave-

length systems because relatively high resolution can be obtained with physically

small and comparatively low-cost equipment. High resolution a, X-band wxith

present-day radar technology is obtained by using physically large antennas, pulse

compression, and/or synthetic aperture techniques which lead to large, heavy,

complex systems that are expensive to manufacture. At short ranges of the order

of five miles, a real aperture millimeter-wave radar transmitting a narrow pulse

provides a high-resolution, real-time display. Unlike an optical sensor, a high-

resolation airborne, millimeter-wave radar theoretically offers an excellent MTI

capability with the ability to operate at night and will contine to periorm with

reduced range in inclement weather.

The carrier frequency for a millimeter-wove radar should be chosen arcr

considering component availability, atmospheric attenuation, and rainfall
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backscatter effects. Foul weather radar performance is directly related to atmo-

spheric attenuation and rain backscatter. Backscatter or rain clutter increases

the minimum noise level, and attenuation reduces the signal level returned from

a target. Thus, the overall signal-to-noise ratio is reduced arid results in reduced

detection capability. After all these facts were considered, 95 Gllz was selected

because

1. Atmospheric attenuation becomes more severe with increasing

frequency, but windows, or low attenuation regions, occur in

the frequency spectrum. Or.• window is c-mtered at about 95 GHz.

2. Hardware at 95 GHz is biecoming readily available.

3. Alt/.ough attenuation caused by rain is more severe at 95 GHz

than at 70 GHz, this effect is compensated for because the

backscattor from the rain is lower at 95 GHz than at 70 GHz.

The lower backscatter at the higher frequency can be attri:lated

to the following:

a. The volume of rain from which the signals can
2reflect is proportiornl i.u X for a fixed-aperture-

size pencil beam antenna, and Aý for an equivalent

elevation shaped beam antemna

b. The index of refraction of water varies directly

with \. Thus, there is less mismatch at tho

raindrop surface at 95 GHz than at 70 GHz and

therefore less scatter.

The analysis usec to predict the foul weather performance of millimeter-

wave radar has Leon smnmarized in a Goodyear Aerospace paper entitled "Milli-

meter-Wave Weather Performance Projections, " presented at the 1974 Millimeter-

Wave Conference.
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{ A SYSTEM DESCRIPTION

The millimeter-wave radar system can I,.. broken down into throc ,isic bhlocks:

antenna, transmitter-receiver, and display. Figuro 1 is a simplified hlock diagram

of ,he millimeter radar system. The antenna is hard mounted to the transmitter-

receiver. Scanning Is accomplished by rotating the antenna, transmitter-rcceiver

package. Figures 2 and 3 are photographs of the antenna, transmitter-receiver

package showing how the radar is mounted on the pedestal and the microwave hard-

Nware assembly. Figure 4 is a photograph of the transmitter tube and the high-

voltage pulse modulator.

System parameters are summarized as follows:

Operational frequency 95 Gfz

Display type PPI

Range resolution 10 ft (T 20 ns)

Azimuth resolution 40 ft/NMI (-6 dB) 1

Range (maximum displayed) 8 NNI I

Azimuth scan angle 360 dleg

Primary power requirement 115 VAC, 3 phase, 400 liz, 700 watts
total,

The antenna is a two-foot parabolic reflecor with a Cassegrain feed. A

switchable polarizer on the antenna feed provides the capability of transmitting

either left-hand circular, right-hand L cular, or linear polarization. Both

azimuth and elevation antenna position signals are supplied to the display. Th,

gain of the antenna is 52 dB, and the 3-dB beamwidth is 0. 38 degree.
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ANTENNA

FIRANSMTTE DUPLEXER RECEIVER
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DISPLAY RINGSI 1I

4703-1 4703-2

Figure 1 - Millimcter-Wave. Radar Fig'ure 2 - Antenna and Trrnnsmitter-
Simplified System Diagram Receiver Mounid 2, on

Pedestal

4703-3 4703-4

Figure 3 - Transmitter-Receiver In- Figure 4 - Magnotron and Modulator
ternal View
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The transmitter includes t, e high-power RF tube, high-power wavcguid,_

components, modulator, and the necessary timing and protective circuitry. Low-

voltage power supplies are common to the transmitter-receiver. An Ainptrex

DX42:3 magnetron, capable of generating 8 kW of RF power, is Usdct as the high-

power tube. The modulator circuit is a thyratron line type with a D)arlington

pulse formingy network (PFN) driving the magnetron. The high voltage require(i to

charge the PFN is developed by a solid-state magnetic modulator rather than a

high-voltage DC supply. This magnetic modulator reduces the requirements ,"f tei

DC power supply from approximately 2 kV down to about 250 volts. The II pulse

width is 20 nanc(seconds.

The receiver contains an 1F local oscillator, mixer, IF amplifiers, and

detector. A single-ended crystal mixer is used as the recc(,vr front end. The

local oscillator is a low-power klystron.

The preamplifier-IF amplifier section has a center frequency of ;3:,5 MlIIz and

a passlband of 80 MHz with an oveiall gain of greater than 106 dM. The II" ampli-

fier. have built-in gain controls. The gain can be elc tronically controlled and

provides a (0-dB range. Aftcr amplification ,it IF, the received signal is detected,

amplified, and fed to the display unit.

The display unit i. a PPI utilizing a five-inch cathode-ray tube (CRT). '[he

image on the display is built up by scanning the antenna in both elevation and

a tmuth. A camera is used to photograph the display as the antenina scans, thts

producing a photograph of the radar image.

Three display ranges are provided 1. 5, 5, and 8 ,hiles. Range marlks can be

superimposed on the display iin 0. 1-mile steps thioughout the e'ntire ran1e. Also,
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a single range mark to a 0. 1-mile accuracy may be positioned on the display at

"the desired range(.

T'EST RESULTS

All tests were performed at Goodyear Aerospace, Arizona Division. During

the test phase of the prcogram, the raidar was placed atop the radar tower on

Building 13 (see Figure 5). Note that radar transmission from the roof of the

radar tower on Building 13 is blocked by Buildings 6 and 26. The palm trees,

signs, water tower, and telephone poles surrounding the test site all ca.:t 1Lng

radar shadows, as is apparent on the imagery.

The radar platform is only 54 feet above the ground, presenting a problem in

that the Incidence angles are very shallow. Figure 6 is photographs taken from the

roof of the radar tower. These photographs have been,| superimpost.:1 on a plan view

of the plant area. Note the radar shadows cast by the various buildings surround-

ing the radar tower. Figure 6 accer.ts the shadow problem and shows some of the

areas with very small radar cross-section that are clearly visible in the radar

imagery. From an elevatiun of 54 feet, the incidence angle or grazing angle of the

radar beam is approximately 6 deg at 500 feet range and decreases to 0. 5 deg at

1 mile.

Figure 7 is an aerial view, or plan position photograph, and a sample of radar

imiagery made from the roof. The aerial view has the same geometrical terrain

r'elationships as the radar imagery, while Figure 6 illustrates the limit. i field of

view of an opticAl sensor located at the radar site.

Figures 8 through 11 are examples of the radar imagery made with the milli-

meter-wave radar. Imagery of the same area made at different times was
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iFigure 5 -Aerial View of Goodyear Aerospace, Arizona Division

z ii

4703-6

Figure 6 - Site Layout and Shadow Effects
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compared to that of Figure h. Some very interesting change detection can be (lone

with three radar images. For example, close scrutinization of the Goodyear

Aerospace parking lot reveals that there are significant differences. In Figure

the eastern boundary of the parking lot is lined by .-5-gallon drums, but in another

sample of imagery, it was noted that the drums wer'e missing. Fig-ure 9 is an

enlargement of the parking lot areas of the images anld clearly reveals the

difference. Inspection of the farmland in the northwest corner of Figure 8 and

two other samples of imagery also discloses detail differences. Figure 10 is a,1

enlargement of the farmland area in the northwest corner imaged at three different

times. In the earliest image on the left-hand side, it can be seen that a farmer is

just starting to disk under the cotton vines in preparation for plowing, but imagery

made approximately four hours later (center) shows that about three-fourths of the

cotton plants in one field have been disked under. The right-hand side, made nine

days later, shows that the field in the northwest corner has been plowed, leveled,

and the dirt has been mounded in rows in preparation for raising hay. Note that

the rows of cotton were running north and south and the rows in the newly planted

hay field are running cast and west.

Figrure 11 is two pieces of imagery made about an hour apart, The enlarged

sections of the imagery reveal images of three men standing in the fiUld. In one

image, the men were standing in a triangulair pattern, and in the other, they were

standing side-by-side in a straight line. Note that in one image, two cotton wagons

are parked in the field, and in the other image, only onei cotton wagon is present.

Th,i car is a 1970 Ford Comet convertible with the top down. flange from the radar

t,, the melt was approximately :3100 feet.

Imagery demonstrating the long range capability of the radar has been made.

With the display range set at eight niutic-al miles, o•oint targets are visible out to

thie edge. Power poles are visihle out to a range of six miles. The ncar-range
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detail in the imagery made on tl0 eight-mile scale Is comparable to that of

Figuri. 8. S.

CONCLUSIONS -

Millimeter-wave radar can satisfy the requirement for a relatively all-weather,

lightweight, compact, inexpensive sensor for various operational applications.

-Some hardware obstacles do exist, e.g., high-gain, shaped vertical beam antennas;

inexpensive, long-life RF power sources, and less expensive RF mixers are not

yet available. Increased interest in millimeter waves for solving tactical problems

will stimulatc component development. Reduced complexity is the key to producing

an inexpensive system. Millimeter waves provide a tool for obtaining high

performance with simplified equipment.

It has been demonstrated that a real aperture, short pulse millimeter-wave

radar has an excellent terrain and cultural target imaging capability even at very

low depression angles. Although no direct quantification of the radar parameters

has been made, the imagery results demonstrate that an obvious adequacy of the

parameter combination exists. In particular, cultural targets such as building

dihedral and trihedral corhers, that norma'ly cause receiver saturation problems

at X-band, arc effectively suppressed in the millimeter-wave radar imagery.

Because of the very limited first Fresnel zone dimensions at millimeter wave-

lengths, multipath interference also appears to be virtually nonexistent at 95 Gllz.

Assuming that the altitude of the radar was 1000 feet rather than 54 feet, the

present system would map out to 3 nautical miles. If the altitude were increased

to 2000 feet, the range would be extended to 3. 5 nautical miles. Using techniques

described in "Millimeter-Wave Weather Performance Projections," the range as

F1-13



a function of rainfall rate has been projeýcted. Figure 12 is a curve showing the

relationship of the radar range to rainfall ratr. It is interesting to note that

greater than one-mlhe range is predicted for rainfall rates lower than 15 milli-

meters per hour.

A major impediment to operating in a forward arca appears to be the lack of

econfidence which both the pilots and engineers have exhibited in the wi-formance

of a self-contained airborne system for instrument landing. Contributing to this

reluctance is the inability of a pilot to detect potential hazards such as aircraft,

vehicles, personnel, debris, or other obstructions on a runway during a low-

visihility landing. The test results made with a millimetcr-wave radar operating

on a stationary platform supply the necessary detail, but experiments must be

pc•f rmed to determine if the necessary detail can be obtained from a moving

pla

-1 -- € i----• -
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Figure 12 - Radar flang, versus Rainfall Rate (1000-1.t Altitude)
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MILLIMETER MONOPULSE RADAR FOR LOW ANGLE TRACKING
by

Frank A. Kittredge, Edward Ornstein, and Mlichael C. Licitra
Naval Research Laboratory

Washington, DC 20375

Iniroduction

It is common experience that the tracking accuracy of tracking radars

deteriorates at low elevation angle. At elevation angles of less than

two beamwidths, multipath errors become large, resulting in increasing

errors and eventual loss of track A study was made tc determine what

improvement might be expected if a millimeter tracking radar wer.t added
2

to a convznitional tracking radar . Tha study led to the- design and con-

struction of a 35-GHzlmonopulse radar system to be mounted on the same(-

precision tracking pedestal as a 9.3-Gtz monopulse tracking radar. This

system is now in operation and is capable of tracking cooperative targets

to lower elevation angles than previously possible. The results are

consistent with the theoretical predictions.

The rationale benind the design of the millimeter monopulse system

is based on a simple relation to pattern shapes; however, other factors

such as the difference in reflection coefficients at microwave and at I
mi.L.imeter waves which can be significant and helpful. Given that mono--

puloe radars are subject to increasing errors as the elevation angle
becomes less than two beamwidths, it fellows that if the beam is madc

very narrow the elevation angle for accurate tracking could be reduced

a proportional amount. There are at least two obvious ways to narrow

the beamvidth of a radar: increase the aperture, or raise the radiated

1. D. K. Barton, "Radar System Analysis," Prentice-Hall, 1964, pp 327-3J1.

2. F. If. Thompson and F. A. Kittredge, "A Study of the Feasibility of
Using 35C. Hz Ind/or 94 GHz as a Mean- of Imp)roving Lo.v Angle Tracking
Capability," NRL Memo Report 2249 (AD-725108), May 1971.
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I reqliency. A simple calculation will show thit to achieve a 0.2 beam-

i idth at C band requires an aperture in cxces.s of 50 feet, for X banid an

ap( rture approaching 40 feet, and for K bIand an aperture of 10 feet.

1¼u, thercore, chose to raise the frequency and maintain a reasonable

aperture. The 35-Gl0z frequency was chosen because of the availability

of commercially-available components and because the atmospheric losses

at this frequency are much less than at anty other portion of the miilli-

mrLer band. A study of the literature indicated that we should expect ¶

attenuation (- :.15 dR/Km for fair weather and an attenuation of 0.62

dB/Km for a .ht rain of 4 nmu/hr. Higher rain rates, particularly

local thunderstormns, would cause much higher losses.

Sys ter

"The experimental high-angular resolution. monopulse system consists

of a conventional X-band monopulse tracker combined with a narrow-bean,

K -band tracker on a single FPS-16 type precision tracking pedestala

(Fig. 1), in an operational coniiguration it is anhicipaLed Ihat thle

two trackers would use a combined feed with a common anteinna. The X-band
monopulse tracking radar has a 7-foot (fish with a beamwidth of 1° and

the K -band monopulse tracking radar has a 7O-foot dish with a beamwidtho

a
of 0.2 .,,.nted on an FPQ-4 precision tracking pedestal (Fig. 1). The

X-band antenna is mounted above the K a-band antenna as seen in Fig. 1.

A boresite TV camera with a 6-inch f/8 lens is mounted on the elevation

axis for observing closed-loop tracking performance. i'lbe receiver "front

ends" are mounted at the output of the monopulse feed circuitry at the

back of their respective an.annas and consist of local oscillators,

balanced nixers, and preamplifiers. The K -band magnetron and modulator
.1

are also located on the antenna pedestal to reduce transmission losses.

The millimeter waveguide is pressurized with 15 psig of F.reon 12 to pro-

vent Vol tage breakdown at the operating peak power of 130 kW. The

remainder of each system with the operating console is located in a

room directly below the pedestal.

The operating console (Fig. 2) contains the range trackers alnd

indicators for both systems, a digital angular readout in both elevation

UNCLASSIFIED
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and azimuth, and a boresite TV presentation that can be recorded with a

synchronized 16-mm camera. The console also contains a provision to

initiate tracking in either system independently or a system hybrid in

which one radar controls one axis and the other radar controls the other

axis. It is also possible to track one axis only by either radar with

the remaining axis on manual control. The range gates for each rader

are independent with a digital readout in X band only. Typically, the

X-baucd system is the primary track,;r, and the closed-loop tracking function

is switched over to the K -band system in the heavy clutter and multipatha

regions or in multi-target situations. Other situations could requirc

different modes of operation.

Figure 3 gives the basic parameters of each system.

CX-band K -band
a

F•e'quency 9.3 GHz 35 GHz

Peak Power 50 kW 130 kW

Beamwidth 1.0 0.2

Noise Figure 13 dB 10 dB

Pulse Length 0.25 psec 0.25 psec

PRF 1 KHz I I1iz

Figure 3

A basic block diagram of the system (Fig. 4) shows the major components

and method of switching between systems.

Resul t s

The dat;t presented here are initial results. The data are insuf-

ficient for quantitative comparison but readily demonstrate the tracking

improvement qualitatively.

A graphic presentation of what we expect to accomplish with the

narrow millimeter beam is shown in Fig. 3, in which the radar is now able

to track a low-altitude target without excessive clutter. The same narrow

beam also reduces multipath reflection, as shown in Fig. 6.

UNCLASS IFIED
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The tracking runs from which the data for this paper were derived

were done with an S-2D as the cooperative target. The runs were radial

except for the tdrift caused by cros.s -oinds. The flights were kept over

water to minimize changes in reflectivity and for ease in altitude con-

trol. The elevation error sigrals from each radar were taken from

amplified monopulsc angle error detector outputs which are used as

inputs to the pedestal serve system. These signals werc recorded cn a
2 -channel recorder, one elevation error signal on each channel. However,

the 2--channel recording on the next two figures is a composit.' of iduntJ cal

ruis in which each radar i., closed-loop tracking independently so that

the recorded error signal is for that particular system in a closed-loop

tracking condition. Figure 7 shows the error output from the elevation

channelsJ wheln either the X- or the K -band radar is tracking at an air-a

craft al tituod of ],000 feet. 'ibis is used as a reference run above the

multipath rigion. 'litis figure covers a range segment of approximately

2,000 yards at a total range of about 10,000 yards. As expected, there

appear to be no multipath components in these tracks. A small 2'-eycle

oscillatory component evident in all these recordings was traced to a

low frequency resonance in the elevation axis. However, a corrective

filter network has since helped reduce this effect. From simple geometry

and antenna pattern iinformation, a strong multipath condition would be

expected at X band, but negligible multipath at K band when the aircrafta

is at about 200 feet altitude. The traces in Figure 8 show this effect

on a 200-foot altitude target. TI , upper trace is for the X-bind radar

operatinig closed-loop, and the lower trace is for the K -band radara

operating closed-loop. Ine ranges are again 8,000 to 10,000 yards. The

X-band multipath is produilng very large error signals as large as ± 1.8

milliradians. A very small multipatla component is occasionally visible

:auperimposed on the K -band signal.

A much clearer demonstration of the rteduction in multipath by K -

radar is cuntained in a short section of boresite film. This film was

made during the same day that Figures 7 and 8 were derived, hut not the

sane run. Imor these runs, the aircraift fle, at 150 feet altitude for

the X-bana 'rack segment and at an even lower altitude of 100 feet for

UNCLASS IF IED
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the K a-band track segnrent. For the X-band segment, first section of

film, the multipath error builds up as the range increases, until ti,,

radar loses track. On the second section, the X-band radar starts

track with increasirg multipath errors to a range of 13,000 yards; at

this range the system is switched to the K -band radar with a stroi.,a,

reduction in tracking error and continues tracking to 30,000 yards.

I should like to emphasize that these are preliminary results with

this system. We expect to be able to improve overall pedestal noise and

radar noise figure values. As another poin ato interest, our observa-

tions to date lead us to believe that the radar cross section for this

particular aircraft is substantually greater at K band than at X band
a

and the reflection coefficient significantly low at K bard for the

somewhat choppy sea conditions. We hope to determine this after

improving the system.
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AN EXPERIMENTAL MILLIMETER MONOPULSE

TRACK RADAR

K. L. Koester, Dr. L. H. Kosowsky, & J. F. Sparacio

Norden Division
United Aircraft Corporation
Norwalk, Connecticut 06856

INTRODUCTION

The need to satisfy nigh accuracy sensing requirements

for obstacle avoidance, low angle track, and muiltitargetI resolution has led to consideration of radar operation in

the millimeter wavelength region of the RV spectrum. Of

particular interest to the radar designer are the inherent

advantages that millimeter wave radar systems offer in the

area of high accuracy target tracking in a clutter environment.

Among the advantages of a millimeter radar system are improvements

in target resolution, velocity sensitivity, and accuracy.

The tracking of complex targets at millimeir wavelengths

requires a detailed knowledge of the glint characteristics

of the objec, as well as the clutter environment in which

it may be immersed. The glint signature of an object is

a function of its shape, aspect angle, scattezing centers,

and material composition. Each of these factors is wavelength

dependent and contributes to the magnitude and statistical

variation of angular glint. Extrapolation of available

data at lower frecuencies has not proved reliable in the

case of arm-' -.ic istics and has necessitated the development

of measuring equipment to obtain experimental data.

Norden has been engaged in the research and development

of millimeter radar systems for more than eight years. As

part cf this work, t. propagation characteristics of millimeter

wave energy have been determined, target and clutter sijnatures

have been measured at 70 GHz, and the effect of weather and

clutter on system performance have been examiried in detail.
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During the last year, Norderi has developed a microwave

system for a four-lobe amplitude mon~pulse track radar operating

at 70 GHz. The antenna/receiver subsystem was designed for

a static tracking accuracy of better than 1.0 milliradian

and achieved an accuracy of better than 0.7 milliradian.

The experimental system is described in detail and results

of system tests including the measured error curve are presented

Performance of the system in clear air and adverse weathec

is analyzed.

THE TRACK PROBLEM

Approach

Many military situa'-ions require accurate tracking

of a relatively small target in close proximity to a large,

competitive clutter area. Solutions have proceeded along

a number of differe:.t paths:
a. Clutter suppression by statistical data processing

(e.g. MTI)

b. Coherent techniques (e.g. pulse compression and

synthetic aperture)
c. Narrow beam, high resolution anlennas
Of the techniques listed, the direct generation of

narrow beams by multiwavelength apertures provides the simplest

approach to resolving small targets in the presence of clutter.

In order to utilize reasonable size antennas, the designer

is forced to high frequencies of operation. The following
sections examine the nature of tracking in the millimeter

wavelength region of the RF spectrum. Propagation limits

that exist in the millimeter band are discussed. Lastly,

an experimental monopulse radar operating at 70 GHz is described

together with pertinent data describing its parameters and
operating characteristics.

F3-2
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Monopulse Concepts

As defined by Rhodes, "Monopulse is a concept of

precision direction finding of a pulsed source of radiation.

The direction of the pulsed sourc2...is determined by comparing

the signals received on two or more antenna patterns simultaneously."

This paper deals with an amplitude comparison monopulse system,

in which the microwave signals received foim two squinted

antenna patterns are combined to obtain simultaneously, both

the sum and difference signals. Figure 1 shows the feed/compar-

ator for a single plane monopulse antenna. (The Norden system

which will be described is a four-lobe monopulse which provides

difference signals in both azimuth and elevation.

In a single channel configuration, the sum pattern

is used for transmission, while both the sum and difference

patterns are used for reception. The magnitude of the dif-

ference signal provides information on the magnitude of the

HYBRID

DIFFERENCE

ANTENNA FEEDS

SUM PATTERN DIFFLRENCI PATTLRN

Figure 1. Functional Block Diagram of Amplitude
Comparison Monopulse Antenna
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angle-off-boresight. The sum signal provides range information

and is used as the reference to determine the sense of the

angle-off-boresight. The sum and difference signals are amplified
separately and combined in a phase sensitive detector to

produce the sensor error signal.

Of primary concern to the designer of a monopulse

radar is the ability of the radar to track a target with

a high degree of sensitivity and to discriminate against

scotterers in the vicinity of the target. Both of these

conditions are optimized with narrow. highly directional

antenna beams. The generation cf narrow beams with confined

apertures requires operation at high frequencies consistent

with component availability, noise considerations, and propagation

restraints.

Angular Glint

The instantaneous radar signature of complex targets

is influenced by such factors as contour shape, aspect angle,

and nunber of scattering centers. All of these characteristics

are w.ivelength dependent and result in angle noise or target

glint. In addition, the motion of these scattering centers

causes interference patterns that impart a time variation
to the radar s..gnatuye, which is also diirectly related to

the incidunt fraquency. Thus, as frequency is increased,

the glint can be expected to both change its probability

density function and broaden its power spectral density.

To minimize the effect of angular glint, most lower

frequency systems utilize frequency agility' to achieve rapid

decorrelation. Although this technique is very effective,

it increases the cost and complexity of the radar ;ystem.

As noted previously, because of the naturally occurring inter-

ferences due to target relative motion or change in aspect

ana½!, rapid decorrelation can be realized by employing milli-

meter wavelengths at constant frequency. A detailed iiscussion

of glint as a function of operating frequency is beyond the

scope of this paper.
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DESIGN CONSIDERATIONS

Freguency Considerations

The primary considerations in the selection of frequency

relate to antenna size, transmission properties of the atmosphere,

and the state of component technology. Since radar systems
must be designed to operate under adverse weather conditions,

such as rain, fog, and cloud cover, close examination must

be made of attenuation and backscatter in these media, as

a function of radar wavelength.

From an installation point of view, selection of a

high frequency would be advantageous in reducing antenna
swept volume, with a corresponding reduction in radome size

and the attendant structural, cost, and weight problems.

Since swept volume varies approximately as the cube of the

antenna size, any reduction in antenna size would prove quite

beneficial. An increase in frequency to achieve this benefit,

however, must be weighed against possible deleterious effects

of propagation in adverse weather.

Propagation

Most military applications require track radars to

operate under adverse weather conditions such as rain, fog,
and cloud cover. The attenuation and backscatter coefficients

of the millimeter frequencies (35, 70, and 94 GHz) are summarized

in the following paragraphs.

Clear Air
The attenuation of millimeter energy in clear air

has been analyzed in the literature'. Further investigations

have been conducted by Norden . Clear air attenuation coefficients

for millimeter frequencies of interest are shown in Table 1.
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Table 1. Clear Air Attenuation Coefficient

Frequency New Band Old Band Attenuation
GHz Designation Designation Coefficient

dB/km

35 K KA 0.18

70 M V 0.41

94 M W 0.24

Rain

The nerf:inance of a radar operating in rain is degraded

by the absorption and scattering of t:e energy by the raindrops.

For analysis purposes, the attenuation coefficient for light

and heavy rain is given in Table 2 for the three millimeter

frequencies o. interest"5'".

Table 2. Rain Attenuation and Backscatter Coefficient

Light Rain Heavy Rain
(1 mm/hr) (16 mmn/hr)

Frequency
GHz Attenuation Backscatter Attenuation Backscatter

(dB/km) (cm 2 /m 3 ) (dB/km) (cm%/m 3 )

35 (1.24 0.21 4.0 4.9

70 0.73 0.72 6.9 4.1

94 0.95 0.89 7.4 3.9

In addition tn the attenuaticn, the enerqg reflected

back to the radar is of interest since it contributes additional

noise to the system. The backscatter coefficients are also

presented in Table 2 4 ,5,. Forward scattering is substantial

in the 70 and 94 iHZ region but its effect on system performance

i.; not well known.4

As can be seen, the backscatter cross section per

unit volume of heavy rain is comparable for 70 GHz and 94

GHz radars and is actually less than for 35 GHz systems.

Thu6, a 70 or 94 GHz radaL operating in heavy rain would
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have less rain clutter than a 35 G1lz system with the same

aperture. A 94 Gjz system would have slightly less rain

backscatter than a -) GHz system at the heaviest rain rates,

but the attenuation at 94 GHz is greater than at 70 GHz.

Fog and Clouds

The attenuation ceefficient for millimeter propagation

in fog and clouds has been investiqated in detail ',,. It has

l been shown that the attenuation is linearly dependent Gn the

liquid water content of the fog. In addition, there is a sc:nifi-

Scant temperature dependence . The attenuation coofficio-.-

is aoiven in Table 3 for a liquid water content of 0.1 !7,

corresponding to an optical visibility of 120 meters for

a radiation fog and 300 meters in advection fog.

Table 3. Attenuation Coefficient. of l'og

Liqid WVater Content - 0.1 !l'

Frequency Attenuation Coefticient

Gliz dP./kr,

0oC 40 0 C

35 0.11 0.034

70 0.36 0.133
94 0.47 0, 22

The backsca~tter coefficient of toy ill Lhe millilletel:

radar band is more than two orders of magnitude 17aller than

that of rain' and, therefore, has a negligible effect on

radar system performance.

Freqency Selection

The theoretical analysis and experimental work p-erformed

by Norden has demonstrated tihat millimeter radar systems
will provide adequate adverse weather performance.
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During the course of Noxden'lf internally funded programs,

a careful comparison was made of cost and availability 6f

ccmponents at both 70 and 94 GHz. Greater availability and

lower cost of components led to the choice of 70 GHz as a

representative frequency for experimental work in the millimeter

band. The work ac 70 GHz is compatible vith 94 GHz requirements I
permitting design anywhere w2.thin the banid.

MONOPULSE RADAR SYSTEM DESCRIPTION

Norden has developed an antenna/receiver package for

a four-lobe amplitude monopulse radar operating at 70 GHz.

A similified data processing unit has also been developed.

Figure 2 is a block diagram cf the system,
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Antenna

-t The antenna is an 18-inch parabola with an f/LI ratio

of 0.67. The flatness of the parabolic anter.na offers immunity

to coupling caused by cross polarized energy 9 . Cross talk

bet'ween the sum and difference channels is on the order of

-30 dB. The microwave comparator and four-horn feed are constructed

as an integral unit to miiiimize precomparator phase shift.

A manual polarization selection capability allows the choice

of either vertical or horizontal polarization depending on

antenna orientation.

Sun. channel gain •t the comparator is 47.2 dB. The

radiation pattern is a pencil beam with a 3-dB beariwid, la

of 0.66 degree and first sidelobe levels of about -20 dB

with resoect to the sum peak. Figure 3a shows the H-plane

sum pattern, and Figure 3b shows the H-plane difference pattern.

The null depth of the difference pattern is -32 dB. The

four lobe antenna was designed for use between 69 and 71

GHz and meets its performance specifications over this region.

Figure 4 shows the monopulse antenna and support btructure.

Microwave

The microwave package incorporates specially designed

waveguide assemblies to minimize insertion loss. Losses

for the difference channels are on the order of 1.55 dB each

while the sum channel loss is abuout 2.5 dB. Duplexing, isI provided by a dual TR duplexer having 0.02 erg spike leakage
and 1.5 Ps recovery timetn. Translation to IF is accomplished

1by mixer/preamplificr assemblies using Schottky Barrier

dicdes in a balanced mixer configuration. The units provide
25 dB minimum gain (RF to IF") with a noise figure of 10 dB

and a 20 MHz bandwidth centered at 60 MHz, resulting ir, a
rec-iver sensitivity of about -87 d~m. The sensitive Schottky

crystals are protected by a switchable ferrite attenuator

inserted before the mixer in uach channel.
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An I14PATT diode oscillator is used as the system local

oscillator. A voltage-controlled current source drives the

IMPATT which, used in conjunction with an AFC module, maintains

the IF within 1 MHz of the center frequency. Sur, and difference

microwave channels are shown in Figures 5 and 6 respectively.

Receiver

Amplitude monopulse information contained in the IF
signal3 is converted to phase information by the Monopulse

IF (MIF) Processor and phase detected to determine the angle-
off-boresight in each difference channel. The sum channel

signal is split with one output acting as a reference for
the phase detector and the other output processed through

a log amplifier for information and display purposes. The
overall receiver dynamic range is 68 dB.

The angle-error output vo2.tages of the MIF Processor

are a function of the phase difference between the sum and
difference channel signals and range from zero volts for
the on-boresight condition to a maxinum value of about 100

mY. The polarity or sense of the error signal depends on

the location of the target with respect to tie antenna boresight
axis. For targets below or to the left of the axis, the

sense is positive. For targets above or to the right of
the axis, the sense is negati.ve.

Of particular interest is the slope of the angle-error"

curve, especially in the linear region around boresight, since

it is this signal that will ultimately provide the control
signals for the servo system. For the millimeter track radar,

the slope (or scale factor) at the output of the MIF Processor

is 30 mV/mR in the linear region.
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Figure 7 is a plot of the angle error curve as measure6

at the output of the MIF Processor for the azimuth channel.

The error curve for the elevation channel is essentially

the same.

Data Processing Unit

A Data Processing Unit (DPU) provides the essential
circuitry needed to process the A/R signals. Circuits contained

in the DPU include the timing and range gate generators,

angle-error boxcars, the range tracking module, and the MIF

and AFC modules.

Transmitter Modulator

The Transmitter/Modulator uses a conventional line
type thyratron modulator and current pulse regulator to produce,
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a stable 100 nanosecond pulse. The magnetron provides 10

kW peak power at a 0.0004 duty cycle. A ferrite isolator

prevents magnetron pulling due to load VSWR. A pressurization

unit provides 31 psia of dry Air pressure to prevent arcingl

in the waveguide and pulse transformer housing.

Static Tracking Accuracy

Static accuracy of the system is the amount of error

measured at the output of the MIF Processor. It was found

to be 0.56 mR in azimuth and 0.64 mR in elevation.

This error is broken down into its contributing portions.

(RF, IF, and Video) as follows:

RF Video
Azimuth 0.29 mR 0.11 mR 0.16 mR

Elevation 0.34 mR 0.17 mR 0.13 mR

Box error for the Antenna/Receiver alone is the error

measured at the input to the MIF. This error is 0.4 mR in

azimuth and 0.51 mR in elevation.

System Performance Calculations

The Norden Millimeter Track Radar will undergo a series

of evaluation tests at the Norden facility in the near future.

One means of comparing its performance with that of other

systems is to predict its performance against a standard

target. Using the system parameteis, range calrulations

were performed for a 1 square meter target in clear air and

adverse weather conditions. The following assumptions were

made:
Probability of Detection = 90%

Probability of False Alarm = 10-12

Integration Improvement = 10 dB
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Table 4 stunmarizes the results of the calculations.

The range varies Xgom 9.6 kilometers in clear air to 4.1

kilometers in moderate rain conditions.

Table 4. Millimeter Track Radar Per:-ormance

Against a One Square Meter Target

WEATHER ATTENUATION MAX. DETECTION
CONDITION COEFFICIENT RANGE

(dB/Km) (Kin)
Clear Air 0.41 9.6

Drizzle (0.25 nun/hr) 0.63* 8.2

Light Fog (120 m visibility) 0.69* 8.0

Moderate Rain (4 mm/hr) 2.71* 4.1

*Includes 0.41 dB/Ym clear air attenuation

CONCLUS IONS

Design considerations for a millimeter monopulse radar

have been analyzed and indicate that high accuracy, adverse
weather performance can be achieved in the millimeter band.

An experimental 70 GHz monopulse system was described and
experimental data presented. It was shown that the system

is capable of static tracking accuracy better than the 1.0

milliradian objective.
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UNCLASSIFI ED

"100 GHz DIAGNOSTIC IMAGING TECHNIQUES"

by

Maynard H. Dawson and Floyd F. Rechlin

DARE Technology, Inc.

San Diego, California 92120

FOREWORD

This presentation covers the development and application of a 100 Ghz

RCS measurement and diagnostic imaging facility under U.S. Army Contract No.

OAAK02-70-C-0240 arid, at present, Contract No. DAAK02-72-C-0441. The sponsor-

ing organization for this project was the U.S. Army Mobility Eq.jipment Re-

search and Development Center (USAMERDC), Fort Belvoir, Virginia 22060.

DISCUSSION

The configuration of any functional, man-made target is invariably made

up of a large number of protuberances, dihedrals, and corner reflectors that,

when illuminated by radar, rollectively create its detectable total return,

co•monly referred to as its radar cross-section (RCS). These same individual

centers also create a distinguishable pattern or microwave image that can be

recognized by advanced, hig., resolution radar, As a result, it is imperative
for miiitary applications that these critical reflective elements be ioenti-

fied, measured, and corrective actions initiated to alter or mask such a

characteristic radar signatures.

Such data has usually been obtained to this point by measuring the gross

return from full scale vehicles; this inherently involved the problems of

positioning awkwardly large vehicles on turntables or pylons, obtaining orly
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rudimentary daLa for only a restricted number of possible surveillance

angles, and trying to tolerate the uncontrollable downtimes and variations

in measurerments that are always typified in outdoor tests. Such inherent

disadvantages in full scale testing influenced the U.S. Army to develop the

subject indoor microwave nodeling facility, wherein complete control can be

maintained over all test conditions and full advantage taken of the flexi-

bility of handling and treatment with lightweight models. In this effort,

100 GHz was selected as sufficiently high enough a frequency to permit the

study of easily handleable models scaled up to K.- band.

Basic to this development was the requirement for a capability to first

record and quantitatively measure a weapon system's total reflectivity or

RCS pattern at all azimuth settings and any practical surveillance angle,

so that its attitudes of critical return could Le identified. The facility

configuration designed to accomplish this task can be seen in the first

viewgraph accompanying this paper; this configuration is referred to ;s the

monostatic mode.

In this mode, the microwave illumination from the depicted transmitter

horn is directed toward a "half-silvered" (in reality, a half-reflective)

mirror. Part of this radiation passes directly through this element and is

absorbed by the RAM located directly opposite the transmitter; the remainder

is ref kcted at 90 degrees toward the study object, thrn reradiated back

from the target area to the receiver, where it can be processed and recorded

on an X-Y )lotter as a function of total RCS return versus azimuth setting.

Mention should be made of the design consideration behind the right-

angle configuration, with separate transmitter and receiver horns and a half-

silvered mirror, which was selected for this facility. This, at first,

might appear complicated when compared to the more conventional monostatic

range arrangement which uses the same horn for direct transmission anci re-

ception along the same axis without a mirror. In practice, however, the

right-angle arrangement actually results in a much more ýfficient and

easily adjustable system and, most important, the very delicate and easily
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disturbed adjustments normally required to isolate exact return levels are

( eliminated by the ,,pacial separation of the receiver from the high field

strengths produced around the transmitter.

The necessary differentiation between target return and the indoor back-

ground is accomplished by mechanically oscillating the test object and its

mount in the direction of the incident radiation at a frequency that is con-

tinuously variable from zero to two-thirds cycles per second. The return

from the target is then mixed with another signal of fixed path length;

these beat with each other, as in a Doppler radar system, with the amplitude

of the beats measuring the amplitude of the reflection.

The synthetic ground plane on which the target is mounted i3 completely
metallic. In its center is a turntable which allows the target to be ro-

tated through 360*; the resulting continuous azimuthal readout drives the

X-axis of a conventional X-Y recorder, with the Y-axis being the RCS return.

Further, for full hemispherical analyses, the supporting mount of the ground

plane and target can be easily reconfigured to provide data for any pre-

selected elevation angle of interest,

To repeat, the above monostatic mode for this facility has been aesigned

to provide quantitative data on the RCS of target models at all azimuth set-

tings and at preselected angles of survei llance. Once such data has beer

obtained, this facility is configured into the diagnostic imaging mode shown

in the second accompanying viewgraph. Here, it can be seen that the same

major components ace still employed, with two additions to provide the re-

quird imaging capability, i.e., a focusing microwave lens and the mechanisms

wrich can precisely displace the target and mount in both the longitudinal

and lateral directions.

As noted by the arrows in this sketch, the energy 'rom the trar,:mitter

is still reflected from the half-silvered mirror to the study object; in the

imaging mode, however, the return from the target then passes through the

focusing lens to thbe receiver system. This lens provides a resolution of

F4-4



LUJ

40

F4-



DARE Techoology

1/2", whic. for a 10th sca~e subject model, would be equivalent to a 5"

full scale resolution at X-band. In operation, the target is initially

focused through the lens by being remotely displaced via the depicted long-

itudinal movement mechanish. Whe resulting image field in focus ,t the

receiv'er can then be directionally scanned, EiLher manually or automatically,

by programing the lens to wove up and down the height of the field and then

incrementally displacing the target laterally at the end of each sucn verti-

cal traverse. In this manner, the total field car be progressively scanned

to provide a two-dimensional probe of all critical imagery.

As indicated in the third viewgraph, three effective readout systems

have been installed to aid in the diagnosis of the resulting imagery. First, a

graphical method is generally empluyed in the monostatic mode where the

processed Doppler signal forms the Y-input to an X-Y recorder; this, along

with the associated azimuthal information from -he turntable to the X-input

of the recorder, results in a complete RCS plot of the target's total re-

flectivity oler 360' of rotation. This same Y-input of the processed Doppler

sional to the recorder can also be used in the diagnostic imaging mode to

provide qtuantitative data on that portion of the target which is in the

exact focus of the lens.

The second (audio) readout svstem, provides an excellent means for

inm-nediately identifying critical "flare spots" encountered during the pro-

gressive scanning of the focused field. Here, any such individual points

of nigh reflectivity are automatically rnanifested by a noticeable gain in

the volume of a continuous background signal of approximately 3 khz.

As stated earlier, the locatico, pattern, and levels of all such indivi-

dual contributors to return constitute a specific "signature' of a weapon

system which can be identified by a sophisticated threar radar. Because of

the criticality of such composite imagery, therefore, c third readot system

has also neen installed which pro'uides a visual raster displ.Ay of the scanneC;

imagery on the depicted TV monitor. With this optical readout system, each

resolved point of iarge return, encountered during a sequential field probe
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is stored on the tube of a special Scan Conversion Memory (SCM) unit, from

which they can be read on a real-time or as-required basis on the TV monitor.

Further, the optical picture of the target from the indicated closed circuit
1 TV camera can be superimposed on the video presentation of the radar imagery,

sc. that each critical element can be imm'ediately identified in its physical

relat'onship to the target.

A.) overall view of this facility is provided in the fourth viewgraph.

Here, it can be seen that all of the electronics and con-rols are located

on three work tables arranged in the form of a louse "Z", with the video

readout apparatus locatcd at the far left, the major operational and receiver

equipment at the center, and the transmission system at the right. 0Other

feaLuies in this photograph are the ground plane in the right background, upon

which an operator is adjusting a study model, and the half-silvered mirror and I
frame. At the time this photograph was being taken, a video picture of the

target was abuit to be recorded; thus, the microwave lens ha• been manually

lifted above the field of view and the closed circuit TV camera centered in

the picture moved into place along the viewing axis from the receiver horn to

the target.

One unclasified example of the diagnostic imagery obtainable with this

iO0 GHz facility for a 10Lh scale model of the Army's M-113 APC is presented

in the fifth viewgraph; using this linear scaling technique, the depicted return

pattern corresponds to that from the full scale vehicle illuminated by an oper-

ational X-bond radar. It should alýo be pointed out that all three of these

photographs are closeups of the TV Picture, whic, tends to r'eouce the optical

i,-. Kty. .in this viewgraph, the recorded microwave pattern of the model can

io_ seen in the upper right hand corner, the optical view from the closed circuit

TV camera is a,i the opposite side, and the superimposed combination of these

two views is in the lower left hand corner; through the use of the latter com-

posite presentation, the physical location of all critical elements is apparent.

Particular attentio-n is invited to the ''splash" shown in the ground plane

directly in front of this model. This type of physical interaction, which is
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SDARE Technology

seldomi identifiable on a full scale range, can be the subject of detailed

analysis due to the 1/'2" resolution of this 100 GHz system. The criticality of

such microwave behavior can be noted in the photographs of the sixth viewgraph.
Here, the same model ;,.3s imaged both on the metallic ground plane and after

the latter was covered with radar-absorbing material. An electronic processing

system is cur.ently being installed which will allow the imagery from these
extremes in return to be factoredby the rmeasured reflectivity coefficient of

any natural ter-ain, th"; permittinq valid re;I-life interaction studies.

It is obvious that the resulting com',:'ned cap,'bilities of detail reso-

lution, frequency scaling, and o•atural reflectivity duplication causes this

100 GHz facility to be an excellent laboratory tool for realistically diagnosing
microwave interactions, in detail, of any irradiated configuration, either man-

made or natural. To illu3trate, the return levels and precise distribution

from various simulations of terrains and sea states can be systematically and

quantitatively investigated; recently completed studies of such natural phe-

nomena demonstrated that the results obtainable at this 100 GHz frequency are

directly comparable with those for the full scale situation.
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MILLIMETER WAVE PASSIVE SENSING FROM SATELLITES
by

"Herbert G. Pascalar
Aerojet ElectroSystems Company

1100 W. Hollyvale Street
Azusa, California 91702

IN FRODUCTION

The potential for applications to meteorology and geophysicsý; of

satellite-based millimeter wave radiornetric (i. e. , passive) sensing of

thermal radiation emitted by the atmosphere and fromn the earth's surtace

was recognized in the early 1960's(l). Millimeter wave technology

advances since that time have led to the development of satellite-borne

imaging systems. An example of a global radiometer map produced by a

19. 35-GHz electronically scanned radiometer on the Nimbus E meteoro-

logical satellite is shown in Figure 1. The intense, essentially black body,

radiation from land surfaces is seen to be essentially unobscured by cloud

cover. As a result of the low radiation from water surfaces, regions of

high atmospheric water content and cloud precipitation are clearly

observed over the oceans.

This paper summarizes the applications and technology for

satellite-based radiometric sensors.

Backgvround

A brief chronology of events in the last decade serves to illustrate

the devfAoprnent of millimeter wave sensor technology for meteorological

satellite applications. One of the first was oriented to a requirement for

synoptic: mapping of cloud precipitation over oceans(2). As a consequence

of their intense millimeter wave emission, cloud precipitation cells were

expected to offer strong contrasts relative to the cool radiation background

of water surfaces. These contrasts offered the possibility of mapping the

rain cloud distribution with an imaging type millimeter wave sensor.

Operational requirements for imaging and conside-rations of spacecraft

attitude stabilization indicated the need for an inertialess electronically
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scanned antenna. Although operation at frequencies in the 30 to 40 GHz

region offered improved spatial resolution, millimeter wave technology

limitations in 1965 restricted the choice of sensor frequency to Z0 GHz

or less. The availability of a clear radio-astronomy channel resulted in

the final choice of a 19. 35 GHz operating frequency. Advances in milli-

meter wave materials and semiconductor devices, occurring in the mid-

1960's. made possible the development of a completely solid-state elec-
(3)tronically scanned radiometric imager . Tests of an airborne prototype

imager conducted by NASA in 1967 demonstrated its successful application

to mapping of rain cells in cloud cover and also identified potential capa-
(4)bilities for sea state and sea ice applications4. An evaluation of the test

results established the final design specifications for the 19. 35 GHz radi-

ometric imager ,o be flown on the Nimbus E satellite.

Subsequently, NASA conducted extensive airborne investigations

of the frequency dependent emission characteristics of sea state and sea

ice phenomena. The results of these investigations led to the selection of

sea ice mapping as a principal application for an advanced model of a

radiometric imager to be flown on the Nimbus F satellite. This imager,

developed in the time period 1971 to 1973, operates at 37 GHz and simul-

taneously measures both the horizontally and vertically polarized compo-

nents of surface radiation. It is currently installed on the Nimbus F

spacecraft which is scheduled for launch in the latter half of 1974.

The second category of millimeter wave sensors implemented on

the Nimbus E and F satellites are oriented to quantitative rneasure.-nent of

atmospheric paa-ameters. These parameters include: the temperature of

discrete layers of pressure altitude and the integrated path contents of both

liquid water and water vapor. On the Nimbus E satellite, this information

is supplied by a five-channel millimeter wave spectrometer. Three. chan-

nels centered at 53. 65, 54. 9 and 58. 8 GHz in the oxygen absorption spec-

trurn respond to radiation originating predominantly from 10-km-thick

layers of the atmosphere centered respectively at altitudes of approximately

4, 11 and 18 km. Two channels centered at 22. 235 and 31.4 GHz respond-

ing to water vapor and liquid water respectively, provide information
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regarding atmospheric moisture content. A high degree of accuracy is

required of these radiation measurements in order to provide ineteoro-

logically useful information. Limitations in receiver sensitivity par-

ticularly !or the b0-60 GHz channels which existed at the start of the

spk,'trornetkr devolupment in 1969, precluded spatial scanning. The

successful design within spacecraft payload constraints was made pos-

sible by dcvelop:ments in millimeter wave latching ferrite switches and

Gunn oscillators. A factor of four improvement over the originally speci-

fied sensitivity was achieved in the flight model spectiometer due to

recent advances in the technology of Gallium Arseaide Schottky barrier

diodes. The results achieved by the interpretation of the data from the

Nimbus E millimeter wave spectrometer have demonstrated the ability to

provide useful estinmates of atmospheric temperature profiles in the pres-

ence of most cloud cover conditions where profiling by infrared sensors

is impossible. The ability to proviae quantitative indications of atmos-
(5)pheric water vapor and liquid water has also been shown

The following sections summarize (a) tle impact on sensor design

of the radiation emission characteristics used in the specific applications,

and (b) the design features of current spaceborne millimeter wave sensors

and projected future requirements.

SURFACE AJ4D ATMOSPHERIC EMISSION

Millimeter wave thermal radiation levels are conveniently char-

acterized by a brightness temperature value, T equal to the temperature

of an equivalently radiating black body. As indicated in Figure 2, both

surface and atmospheric radiation contributions are inc'.uded in satellite

observations. The observed brightness temperature, T Bis described 6y

T1 ý t(E TI'pT s)iT a Where t and Ta are, respectively, the transmis-

sion factor and radiative emission associated with the atmospheric path

between the surface and the sensor. The quantities E and p correspond.

respe 'ively, t,, the emissivity and reflection factors of the surface. The

thernonmetric temperature of the surface is given by T , while the bright-

nftss temperature, T , characterizes the atmospheric radiation incif'%nt
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on thw surface which is in turn reflected toward the sensor with a Iagni-

tude T For surfase sensing applications, oprating frequencies areS

chosen in th, atnosphteric transniission bands with the obJective of making

the surfac-e emniss .io, t', the predominantly observed radiation, i. e.

1' -1 :• iE" In like fashion for an atmospheric sensing applications, the

approipriate attinspheric absorption band is selected to nminimi ze the con-

tarninating effe •ts of surface e mission.

Surfac cvinissiun char-acteristics mrust be considered in the

selction of a sensor design for a particular application. The selection

process can be understood by ex-.inining the requirements in sea ice sur-

veillance. The.-e ilt is desired to detect 'he boundaries of open water leads,

and also to observe those contrast features associated with ice bodies of

varying composition and structure, The detection of open water bodies

can be optimized by selection of sensor polarization and look angle to

maximize the contrast observed between water and ice. The contrasts

permitting the detection o( changes in ice quality are maximized by selec-

tion of sensor operating frequency.

Millimeter wave rddiationfroin calm wate c surfaces is much lower

than that froth ice surfaces. As a result of the higher level radiation

emitted from ice surfaces, water bodies are distinguished by their "cold"

contrasts with respect to ice backgrounds. Recent investigations show the

radiation from ice surfaces to be relatively insensitive to sensor polari-

zation and look angle( 6 '7'8) Consequently these sensor parameters are

selected to maximize the contr'ast of water bodies. The depen:ence of

radiati,, from water ,;urfaces (in sensor view angle and polarization is

shown in Figures 3a and 3b. From that data it is seen that horizontally

polari/cd sensors employed at a view angle of 40 to 600 with respect to

nadir provide maximum values of "cold" contrast for water bodies. The

remnaining sensor parameter, i. e. the operating frequency, is selected

to miaxtnmize the contrasts associated with different types of ice.

l)ifft-rences in the millimeter wave radiation emitted from ice

bodies are believed to result from variations in brine disttibution charac-

teristic of the ice age. Ice is conveniently described as "new" or "old.
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New it. is considered to have been -ecently formed and not to have expe-

rienced the recurrent thawing and refreezing which characterizes the

thermal history of old ict. In newly fcrrned ice the surface concentration

of brnn is sufficient to .ause absorption and emission characteristics

similar to those ci a black body. The gradual downward rnigratioi of

brine with age and/or acceleration of this trend during thawing condit'on.3

leaves a sir a'-!a, ,.sidtc o( Low brine i( e partialiy filled with pockets

evacuated by the brine. The lowered direct emnission of the resulting
surface ice as well as ti.e scattering of internal radiation by the air

pockets .losea radiation fromn old ice to be significantly lower. Thea-

retical predictions based on this model alppear to be in agreement with

direct experimental observations (9, 10, 11, 12)

Tne frequency dependence of the radiaLion emitted from old )(C,

new ice and calm wale- suriaces is presented in Figure 4. it is seen from

this data that in the vicinity of 37 GHz, contrasts indicative of ice age are

equivalent in magnitude to thase cbServed for v.ater bodies. Thus an I
operating frequency o' 37 GHz .ippears best suited for sen.ing both the

ape-dependent features of 9ea ice as we.ll a, the presence of water

surfaces.

Consit.'r-ationi if the vor s sarf4,ce t.mission characteristics

,as shown that the meat useful contrusts for Lea ice sur 'eillance are

provided by a sensor r, ,-)ondi1,g to hcrlzon;a1 ".y polarized 37-GHz radia-

tion observed at view angles in th,• vicitit'," of 50'. Larger view angles

ore excluded by consideration of uensor spatial ,-esolution.

Quantitative measuremenscf of surface radiation are frequenily

necessary in scj;i-fic investigations of .surfa(.e phenomlena. These meas-

urernents require that the contaminating effects of the intervening atrrios-

nirere be evaluated. The krnown .-adiati..n char'icteristics of water suria.Aes

permit e hern to be used as known reference sources of surface radiation.

From Figures 5a and 5b, re3oe :tively, it is seen tuat the horizontally arid

verti-alliy polarized cornponens of radx1,L'r fromn calm seas are essentially

independent of water temperature. A large difference between the two
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polarization components is also noted. It is thus apparent that sea surfa.. e

radiation can serve as a constant source of radiation for the purpose of

evaluating the transmission and radiation properties of the atmosphere.

The remotely observed values of horizontally and vertically polarized I
surface radiation are equally affected by the atmospheric path to the sensor.
Consequently. from the difference of the remotely sensed values of horizon-

tally and vertically polarized radiation, it is possible to infer the atmos-

pheric path transmission factor, t . This quantity, together with the abso-

lute radiation values measured for the individual polarizations, identify

the atmospheric radiation, T These values of t and T derived from
A A

water surface observations may then be employed to correct for atmos-

pheric effects in measurements of adjacent ice surfaces having the same

atmospheric environment.

RADIOMETE IC IMAGERS FOR METEOROLOGICAL SATELLITES

Imaging radiometers developed for the Nimbus ineteorological

satellites employ electronically scanned phased array antennas in order

to map the earth's surface. The 19. 35 GHz irnager on the Nimbus E satel-

lite linearly scans a horizontally polarized antenna beam over a 50 range

of nadir" angles in a plane perpendicular to the flight direction. The 37-GHz

imager on the Nimbus F satellit--- conically scans a dual-polarized antenna

beam at a constant nadir angle of approximately 450 as shown in Figure 6.

Basic Configuration

"The essential system elements comnon to both imnagers are

shown in Figure 7. The beam steering network is synchronized by the

timing and control unit to actuate a step-wise angular scan in which dis-

crute surface elements are individually measured for equal time intervals.

Overlapping of adjacent surface samples insures uniform mapping.

A radiation brightness, T. om a surface element within the

main beam of the antenna results in an antenna radiation temperature out-

put signal, TA = Eb'lFb . Where Eb is termned the main beam antenna

effici(eL y of the antenna. A performan,:e requirement of E > G. 9 was
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a principal design objective for the phased array antennas. A transmis3ion

loss, L , within the antenna and its connet Ling line to the receiver further

reduces the signal at the- receiver input to a level, T (b 1 Tb

The radimrnetric receiver consists of a Iow-nolse millimeter wave

receiver which is proceded at its input by a fe, rite switching network. This

netwerk is activated by contral unit timing signals to switch the receiver

input, at a 600-liz rate, between the antenna and a hot body reference at

known teniperature. T 300"K. The resulting input to the receiver thu'
RI

alternates periodically between levels T and T Double sidebandA R
type superheterodyne receivers are employed to provide a predetection

gain described by a bandwidth B and a noise temperature T . Upon
e

"square law detection, the periodic waveform is amplified and synchronously

demodulated to produce an output voltage, e. 0  Gr(TRl-TA) A where Gr

is the system radio~netric gain.

The reference temperature, T Rl, is controlled and monitored

with an error of ±0. 1 0K. Consequently, it is then possible to accurately

infer the value of TA to the extent that Gr is accurately known. Updated
values of G are accurately derived from a calibration following each

r
scan. During calibration, the input network substitutes a cold reference

source at a known temperature, TR2 , in place of the scanning antenna.

In the spacecraft imagers, this reference is supplied by a wide

beamwidth scalar feed horn antenna dilected toward the cold sky. The
record,,i receiver calibration voltage, cal = Gr(T RI TRZ ),permits the

antenna temperature, TA' to be determined by T RA = TR- (TR-TRZ)(e /e ca).

This relationship is used in subsequent ground-based data processing to

deterrinie the brightness values of individual surface elements. Because

of p(ýtentlal errors introduced by various thermal radiation sources, their

ternperatures are monitored and periodically recorded for data correction

purposes.

'Ihe errors introduced by systerrtherrmal noise are represented

by AT , an rms value of fluctuations in antenna temperature given by:
A -1/2

AT A = Z(Te + TA )(Br)
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where r is the time that individual surface elements dwell in the scanning

antenna beam. Taking into account the transmnission Loss associated with

the antenna as well as its beam efficiency, the rms error in the measure-
"-1

ment of T., i. e. NEAT, is then given by NEAT = E ATA)

The receiver outputs corresponding to the individual surface

mea-urcments as well as calibration voltages and "housekeeping" data are

individually digitized and interfaced through a parallel-to-serial converter

to the spacecraft data reccrding system.

Nimbus E Radiometric Imager

At an orbital altitude of 592 nautical miles, the 3.9. 35-GHz

radiometric imager on Nimous E has a subsatellite surface resolution of

14. 5 nautical miles. A cross track scan of ±50' covers a path width of

approximately 1700 mileG on the earth's surface. The system perform-

ance parameters of the imager together with the specifications of the

antenna and ru.ceiver subsystems are presented in Table 1.

The basic operating mode discussed abovc and the block diagrarm

of Figure 7 serve to describe the operation of this instrument. The

antenna beam is stepped through 78 steps in a scan period of approxi-

mately 4 to 5 seconds. An observation time of 50 milliseconds at each

beam position results in a value of NEAT 1Zl°K. Absolute temperature

calibration errors are less than 20 (.

The imager employs an electronically scanned traveling wave

type planar array shown in Figure 8a. The planar array consists of 103

linear array elemnents consisting of edge-slotted waveguides which are

connected through Reggia Spencer type ferri-te phase shifters to the indi-

vidual slot apertures of a similarly slotted waveguide section. Radiation

collected by that section constitutes the antenna output to the radiometric

receiver. The number of slots and their tapered coupling to the lintar

arrays detesrmiines the intrack beam characteristics of the antenna. Simi-

larly, the number of linear arrays and their tapered coupling to the col-.

lecting section establishes the cross track bearm shape.

Jnurtialess electronic scanning is accomplished by current con-

trol of the individual phase shifters located in series with the linear
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Table I

DATA SUNMMAR1Y FOR ELECTRONICALLY SCANNED

RADIOMETRIC INAGER ON NIMBUS E SATELLITE
LAUNCHED DECEMBER 11, 1972

Imaging Paramnetcrs

Orbital Altitude 600 nrauticaI rnil,,8

Subsatellite Surfa e Resolution 14. 5 nautical miles

Surface Swathwidth 1700 nautical miles

NEAT 1. 5°K

System Parameters

Center Frequency 19. 35 GHz

Dynamic Range 50 K - 330 0 K

Cros s 'rrack Angular Scan ±50'

Bean; Positions 78

Ab,,luute Accuracy 1. 5 0 K

Antenna Parimeters

3-dB Bearnwidth 1.4 0 x 1. 40 (broadside)

Polarization Horizontal

Beam Efficiency >90% (wvithin -135o scan angle)

Receiver

Type Superhete rodyne

Center Frequency 19. 35 Gf-lz

IF• Fre'quency 100 MHz

Banflwvdth 300 MHz

Double Channel Noise Figure 6 dB

Physical Configuration

Dimensions 37'' x 37" x 4"

Weight 68 lb

Deployment 37" x 37" face - nadir pointing

Power Consumption 42 watts at 24. 5 Vdc
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arrays, which are oriented in the flight direction. A linear distribution

of these relative phase shifts focuses the beam in the cross direction at a

nadir angle determined by the phase slopc. Sets of phase shifter currents

are setet ted to prvvide- phas, alopes corresponding tL, different pointing

angles. These are then selected in a progranmned sequence to step-scan

the seuisor in the (ross track direction. Errors introduced by these phase

shifters are sufficiently low to rraintain sidelobe suppression of greater

than 23 dB and beam efficiency in excess of 92% for most beam pointing

angles. A total transmission loss of less than 2. 2 dB results from the

waveguide and phase shifter elements of the antenna.

A live-port ferrite switching network ured for modulation switch-

ing and calibration introduces insertion loss of less than 0. 8 dB.

The superheterodyne receiver input consists of a balanced mixer

with silicon Schottky barrier diodes driven by a Gunn-type local oscillator.

This is followed by a low-noise IF amplifier with a 100-MHz bandwidth

centered at 100 MHz.

These radiornetric receiver components together with the post-

detection, beam steering, and timing electronic circuitry are mounted on

the back surface of the phased array antenna as shown in Figure 8b. The

result is a very compact package configuration with a thickness of 4 inches.

Nimbus F

rhe 37-GHz radiometric imager installed on the Nimbus F satel-

lite is oriented to sea ice applications. Its basic design principles are

similar tO those ,,f the ilnager operating on the Nimbus E satellite. The

fundaniental differences in comparison to the imager on the Nimbus E

.atellite are illustrated by the block diagram of Figure 9 and by tl-e sys-

tem perforraance and subsystem specifications listed in Table 2.

In addition to an improved angular resolution as a result of

shorter wavelength, significant differences from the Nimbus E imager

incluhe: (a) sensing of both polarization components of the observed radi-

ation ancu (b) conical scanning of the beam pointing angle.
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Table 2

SPECIFICATIONS FOR 37-GHZ DUAL POLARIZED
IMAGER ON NIM BUS F SATELIr Fl

Sr.ite.T_ Paranietcrrs

Centei Freq,-nty 37 Gllz

Dynamic Rangc 50" to 330°K

Conical Sk-an Ar. 1 350

Beam Ps ti •ns 71

Absolute Accuracy 2 )K

Antenna tarairicters

11amwidth 1. 170 x 0.7 30

B~eam Efficiency >90%0

Receiver ',arameter-i

IF Band 10- 110 MHz

Double Chanrer Noise Figure 6 dB

Physical Configuration

Dimensions 39" x 39" x 4"

Weight 99 lb

Deployment 39" x 39" faces forward

Power Consumnption 55 watts at 24. 5 volts

l)esign principles similar to those of the 19. 3"-GHz imnager were

employed for the 37-0hz dual polarized array. in addition to higher fi-e-

quency voperation, the primary challenge was the requirement for J. l°

angular L,,incident e of the orthogonally polarized beams.

Instead of edge-slotted rectangular waveguides, the individual

linear arrays employ square waveguides with planar crossed perpendicull.

slot radiating apertures. The perpendicular slots of the individual aper-

tures are coupled to the two orthogonal transmission modes in the square

waveguide. Beam pointing coincidence of the cross polarized beams is

FS-Z0



aclnev'cd by equalizationl of the effective interelemt-iit phase Eshifts inl the-

two oi thogonm.l transmission line modes. I , the outputs of the 109 inidi-

vidual linear array elements, orthomode transducers sep~tratc tht! two(

polariv-ation components of the received radiation into0 two individual rvc-

tanguiiar waveguir~o oiutputs. These two polarization Lomnponfnt are thenl

individually beam-stcered by two groups of current controlled phase

s hif te rs. The phase shifter outptuts of both groups are collectud by a

separate edge-slotted waveguide array to form the two orthogonal polari-

zation ports of the antenna.

These antenna ports feed two separate 37-GHz radionietric

receivers which are designed on the same principles employed in the 19. 15

GI-z imnager. Thv configuration of the assembled instrument is se':n in the

photographs of figures 10a and 10b which respectively show the Tulanar

antenna surface and the electronics equipment mounted on the back surface

of the antenna. The flight model has been successfully tested and installed

on the Nimbus F spacecraft.

FUTURE APPLICATIONS AND TECHNOLOGY

Current applications of millimeter wave radionietric sensors on

ivietec'rological sate '-ites have demonstrated the abllity to close inlorina-

t:,of gaps resulting .rom the inherent limnitat'.ons of sensors at visual andI

infrared wavelengths.

Future applications of millimeter wave pasv sensing; frorn

satellites appear oriented toward significantly improved sp,-.tial resolutio~i

and toward achievirt an improvedý interpretation of surface phenomena by

simultaneous senLn~rg at several Nvid-ny separated frequencies. Large

platforms, e. g. Shuttle, accorninodatirng antenra, dimensions of several

meters, would permit 3U to 40 Gilz sensors to achieve surface riesolutions

of levs than one nautical mile. However, in addition to spatial resolution,

useful applications of imaging also imply some mininium requiremnents for

scanned field of view and system sensitivity. Consideration. of these

requirements identifies the need fo'r l-igher rates of antenna scanning and

receiver noise reduction that are associated with progressively improved
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spatial resolution. Current system noise levels ac within a factor of four

from tho minimum noise backgroimd established by earth surface radiation.

Consequently, present single beam/receiver scanning type sensors are

limited in principle to a factor of four improvement in spatial resolution.

For greater values of resolution improvement, these sensors will experi-

ence a directly equivalent reducdon in measurement sensitivity.

More immediate restrictions on high resolution imaging are
imposed by antenna scanning technology. For any significant field of view,
mechanical scanning of high resolution sensors does not appear compatible

with sp".cecraft attitude stabilization requirements. For present elec-

tronically scanned antennas, switching time limitations in the ferrite phase

shifters must be reduced to permit significantly greater scan rates. This

however will most likely be achieved at the cost of higher power consump-

tion which is bounded by spacecraft power allotted to individual sensors.

Analysis of phased array antennas used in current spaceborne

millimeter wave imagers iidicates that mechanical tolerances and loss

considerations limit their ichievable resolution improv ,,ent to a factor

of four.

Thus, for 'ýhose applications requiring large improvements in

spatial resolution without sacrifice of system sensitivity, it will be neces-

sary to develop new systeraxs concepts. Such concepts will most probably

resort to multiple beam antennas and multiple receivers to simultaneously

sense numerous surface resolution elements.

A va.riety of ground-based multibeam passive sensor concepts

have been implemented by radio astronomers for celestial mapping.

Some of these concepts employ IF beam-forming techniques and may prove

adaptable to satellite-based sensing. However, practical implementation

will require dedicated developments in the areas of array antenna, inte-

grated circuit low-noise receivers, and IF beam-forming techniques. In

this respect, millimeter wave passive sensing may follow the same path

experienced in the evolution of thermal infrared sensors from single

detector scanners to sophisticated multidetector arrays.
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ABSTRACT

This paper describes a new class of active millimeter-wave
integrated circuits of high resisti-ity silicon image line
dielectric waveguide configuration. Integrated FM oscillators,
PIN diode modulators, detectors, and an oscillator-modulator-
detector module have been developed.
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SUMMARY

Solid state millimeter-wave devices have developed

rapidly into components for practical systems in recent

yeazs. However the cost of waveguide circuit components

is relatively high. This is partly due to the close

tolerances required at millimeter-wave lengths. The low

cost microwave integrated circuit (MIC) utilizing strip-

line or micrcstripline configurations at lower microwave

frequencies is not directly applicable at millimeter-wa-

range because of oractical limitations such as excessive

losses and geometric limitations at high frequencies.

It has been shown that rectangular dielectric waveguide

can be used for effective low loss millimter-wave trans-

mission.1-4 Chrepta and Jacobs 5- have recently demon-

strated that, by using high resistivity semiconductors
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such as silicon as dielectric waveguides, active devices

may be integrated into the dielectric guide. In this

paper, we report the successful integration ot millimeter-

wave devices into silicon dielectric guide circuits at

V-band (50-75 GHz) which demonstrates the feasibility of

a new class of low loss and low cost active millimeter-

wave integrated circuits capable of performance comparable

to those of the conventional waveguide circuits.

Shown in Figure 1 is a cross-sectional view of a

dielectric waveguide integrated FM oscillator. The wave-

guide was made of high resistivity (7900 ohm-cm) silicon

of 0.100" in width and 0.022" in height placed on a yuld

plated metal image plane. The image plane was also

used as the oscillator heat sink, electrical ground, and

mechanical support. The above guide dimensions were

chosen to allow low loss propagation of the dominant

YEll mode in the V-band (50-75 GHz) range. A packaged

IMPATT diode with extremely low parasitics (package capa-

citance z 0.1 pF and inductance z 0.04 nh) was placed in

a hole in the silicon dielectric guide and mounted on

the image plane as shown in Figure 1. The diode was

located about 2.5 wavelength from one end of the dielectric

guide. The other end of th2 dielectric was tapered to
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an anqle of about 30' ani inserted into a regular WR-15

metal waveguide. The angle was chosen to ensure smooth

dielectric to metal guide transition. Maximum CW output

power of 50 mW was obtained at 58.3 GHz when the diode

was biased at 180 mA. The oscillator frequency was

continuously tunable by varying the bias current over a

bandwidth of 6 G11z. Shown in Figure 2 is the tuning

characteristics of the integrated oscillator. The output

power variation was less than 1 dB from 55.7-58.7 GHz.

Figure 3 shows an integrated PIN diode amplitude

modulator. The circuit configuration was similar to that

of the integrated oscillator. Maximum on-off ratio of

10 dB was measured between 6 mA forward bias and 5 volts

reverse bias.

Fiqure 4 shows an integrated detector. An Au-Ni

whiskor was used to ccsntact the detector diode (junction

diameter - 5 im). The detector sensitivity was about

30 mV/mW.

Wu have also constructed an oscillator- modulator-

detector module and have demonstrated the feasibility of

multi-functional millimeter-wave integrated circuits.
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MINIA TURE PEDESTAL

S AND MILLIMETER WAVE ANTENNA
by Douglas G. Worth

Radiation, A Division )f Harris-Intertype Corporation

ABSTRACT

This paper will discuss the mechanical design of a miniature antenna pedestal designed and built

by Radiation in 1973 for the Departmeat of the Navy. This unit is designed for use atop a Navy submarine

periscope, hence it is imperative that it be of minimum size and weight. These and other design parameters will

be discussed in this paper and the design effected as a result will be explained in a technical manner. The design

of the pedestal is dictated primarily by the limited space available. Unlike most antenna structures which are

designed from the "ground-up," this limited space dictated that the pedestal be designed from the -outside-n."

Another complexity of the design is the requirement to have several pieces of electronics mounted directly to,
and moving with, the horn in order to reduce RF losses. Photographs of the pedestal are shown in Figures i

and 2.

FIG LRE I. PI[OTO OF DESTAL, FIGURE2. Pl TO OFPEIESTAL,

FRONT QUARTER VIEW REAR QUIARTER VIEW
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DESIGN PA RAMETER S

For trie particular applikation ato," a submarine periscope, several design parameters weie

imposed upon the antentna.

I. he airteiira pedestal assembly must fit and operate inside a radome specially designed

to adapt to the periscope head and to withstand water pressures and temperature change.,,

at great depths. Figure 3 shows the details of this radome.

2. The antenia pedestal must be of the two-axes type to obtain necessary sky coverage. lihe

submari,,e periscope sha;l serve as a quasi-third axis which can be positioned in the getieral

directirot of the satellite.

3. The sky coverage must be such that the atitentna will point to any point in spact which lies

between the true local elevation angles of 0° to 90o inclusive and shall maintain this cover--

age under all combinations of submarine motions within the accuracy stated in design

para'netc, 4. The slh6s roll is ±20o maximum and pitch is tl0o maximum. The azimuth

axis travel ,hould he no less than ±70n.

4. The pedestal shall have a pointing error of no greater than 0.50. Of this the static pointing

accuracy must be no greater than 0.3", leaving 0.20 for dynamic error.

5. The horn used with the pedestal must he a minimum Af four inches in diameter.

RADOME

"The size of the tadome for this unit was based on studies conduced at the Naval Underwater

Sound Lab. Two criteria establish the size of the radome. It must have a small radar cross section, and it must

fit behind a cowling of limited teight when the ship is underway.

Its shape ts detcrinined by strength requirements, and the bullet shape is the strongest shape

practical t*r u0V,' where large uniform pressures exist over the entire exterior surface. This radome (shown in

Figure 3) is tinade otf a ,iugh-streirgth, low RF loss, fiberglass laminate.

CONFIG URA TION OF PEDESTAL

Ilaving a twwo-axes pedestal in mind, the most obvious possibility to explore is the elevation

,we, a.iinuth conliguratiun. The elevation over azimuth pedestal has a sometimes serious disadvantage of

requiring Ingh a/iruth tracking rates near zenith attitudes. This disadvantage can be effectively eliminated

by canting the /in•ntith axis at an angle front vertical. I lie periscope may then be positioned in azimuth, such

that the area oI aunten•ia covcrage requiring inaxirnonm a/imuth tiacking rates is shifted out of the satellite's

patth.



II the pedestal were to be mounted on a stationary base, cant angle would be Chiose[i basedl ()i

the highest tracking rates possible, as well as the intended sky coverage. If tile cant angle is tot) large, tracking

rates are excessive when the target Is near horizon. If the cant angle is too small, rates are excessive when tIltc

target is near zenith.

Since this pedestal is to be mounted oni 4 submarine which rolls and pitches, the jlngle at which
to caint the azimuth axis is based primarily on the ship's Motions as %PCcified tin thle design parameters-,' III.

aziimuthi cant angle should be large enough such that it will still bc posNitive during even thfe worst -case coirbila

tion of slip's roill and pitch. This worst-case combination ofship's motion ýs ±t22-40, therefore. the calii angle
was chosen at 250 '[his means that thle azimuth axis will always make at least a 2. aligle with verticarl, and
mnust of thc timef it will make very' irear a 25) angle. This configuration satisfies design paraineciev 2 inti 3.

Pedestal-t o-periscope adapter housing

This item has a cylindrical overall shape- It is machint~d nnl top to dCCOinMOI.tlae ilier.

Its seal, antI on the hiottom to lit the threaded connection on the periscope hecad. Inside :!ie rinounit 1we Ca

pieces ofCelectronics, and a waveguide mode transition. It is important :.;iat the hecat generated iii theilet Cii tlit-s

on and near thle pedestal he remnoved, and hence the adapte. housing is inade of Forged bronze- Neal flhe lt)r
are four mrouniiting hbosses MUii tacri nelokr at taciting the antiu tli mo un tin Filt. trg e i lt1 ti i.

as the large hrotizie housing on which the pedestal is attached.

Azimuth mounting plate

This piece is bolted directly to the four bosses machined iii the adapter hrousi ng, TI lienini function il 011t1i i

plate IS to form it haze for mouniting, the azimuth yoke truniiio bearings atid thle at.tinrutli drive bonx lI h

azimuth mnountinig plate is placed at a 250 angle to Iiori~onital, and the yoke turns abhnut anl axis wh'li di i

perpetndicular to this plate. Other equipment attached to the azimuth tiiunt ing plate Is thre a'.illinn Ii. s~Ik-ilt,

and the azimuth buniper stop%. Tb is plate is shown In the upper right-hianid curlier tif hioure 4. 1l Is! li.t pe ail,

si/e of this plate is determined bly thre space within thre area it fits. htICe til te 25"1 sklat At %whichI It IN innMinItil

thre azinititli Iloiniiiniig plate's, lower cud lies in thle pedestal -!;i-periscope adapten htosstig ;iizi] it tipper eiitl lies

in itrc r.riloiiie All geafrs osed iii thne FxJestal are stainiless steel. All drive geiits ar i~ir of type 1 7-4 I'll imsu-

less because tit tle high streirgh iot this alloy. To eliminitate diflicitin al itierimal expomisron hetweei lue ti/irn

drive geiir and thne mtating gcai. if.a well as for thle Stiffness, the Ynr'lteiial uls.ed fii) tli].s plate is ty pe -;0,; Ntaiiiec"

steel.

Azimuth drive %ox

Thie three-stage ~i/11i11th geirbox hiaN art overall gear ratio of' I I I Relti 10i I:rgiint' S N i eiloNcii

0Iil luotisitig liti] Ciover eClLosiing the drive nmotor arid tire first-stage purruonllgear pairl. Ourtside the ge 1,Ni

ainithier pi11ii11 aILI gCJ Ndituge -[lie gear til Ihiis StageL i, M] Itdler Which ilt'slits w%!itl lit-r a diiulniiiype Iw

drive tilnrinr us ia tic torque type svihii a peak stall nrrqtie rafted at 9tJ1Iiith oun1ce. Its, uliuiielliuNtuiircr 1.5 i!itht\% 0i)

alilil 0.375 ittch wide. It was first conisideiedI to mei a tic tnrrqre motor dricil1N tolpledif) toite I I .ixc' ill

iitntiaiid eleva~ioni. IHowever, the physical si/e III a nmotor producing frill drive t~irklLIt piohith11ireal this_
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ipproracli. Also, use of I gear reductiont allows thle motor to operate at higher speed. This -CSLIltS III a hiigher

opet atirig voltage level due it) filh larget back [ENI. Operal tog with this higher back LM F IN he'. :Iicial because

at1 these high"[ie value,,, it can better he Litluzed ito close a velocity loop inl the servo system-

'I ie aeiiiu'li dIIye gearMs aio, made from type 17-4 I'll stainfless steel. All gears aic witltimtilte

A) ;MA kiuality tiutubet rattee olt 12 to1 14 with hacklasli de~igitatiun D. Azimuth drive gears inside tile gearbox

li.ive a diattiectril pitch itt ý), while tboEsc outside are 80 pttchi. Biacklashi %t tilte I . azimuthi axis is appioximately

oictte-terth legilce. I lie azittlutli syunctimn is ruii directly oil thle I: azimruthi drive gear via a type 3013 stailess

aittihacklisli ý4c.ii. Si'ice the gears arc stainless. tilte gearbox is niade of type 303 stainless sfeel. [his tpe-

sates for thwieiiil cxpaiisioii. ss ole at dihe samre time providinig aldditional; stifftness.

All heaiogs ill flie aimituthi gearhox are preloaded hy tile sane itethod, use o"wave sýprtmg

WaNishes olttilie on letF iAce (11 Mle of the two hearings oni a shaft. B~all heariiigs are used exclusively throughout

tile ali~eiiii.t Duet (to thle clcati etiviroitietit itnherent with the use of a sealed radoitnc, to comiet.itig seals are

used onl aill hicmii ii. Sinice there ate only tsvo gear shafts iii thle pedestal which ale nearly vertic"d, thiere are

onlly two pl.ICCs III [Ile jpedeIstil where dirt could fall directly' into it hearing. Two hearings tii the ;over of the

ii/iiiiu1ti gCeiIoX ire StIIlC~dJ [0i til. fiooiist (see Figure 5). The decision ttoi to use cotitacurig seals onl any
heatriings tltrttit-!oit rthe pedestal wa, ma~de for two reasons. Thie friction in the pedestal is a mtajor contihbutoir

to thle t hiitliie l III its ot .o axes, even wvi thotn sealed hearings. Alsot, there arc places lii the gearboxes where

tile CxII, vIitll ,i 1 sealedl bcaritie makes thle heari,!, uto hulky' fur tile srldce available.

YOk he

I lie shaJpe arid sIl Of the tadome11 irnteriiir is a large factor iii dleteimrriting yoke design. The fact

that thle yoike iii is flimioii at axis thiat dos riot coiniitde with thre vertical eeneit line of thie raidiine fixes thte

m Cnvdiipe voolitir .ii which the yoke muist fit. IThis etnvelope turms out to he ice cream-, ciie-sliaped. That is.,

Ole i ke ritiiii he ctit[ Iun Mil Je~ I COf irietaf that has thle geometry oii a sphere iesting in the l~irgc cnl (if a cove.

'I 1L ageOf tIiis colie is 50"t' 12 times 25'") irtd it intersects the sphere tantgentially. Refer to Figure 6 fot. the,

('k.: cinilg'ii.i~i:ti Sinice [lie yoke house,,s part of thle elevationi geair train,. it is mitrde ohl typ PC303 stainless

steel. thus]' eLirtiit1.i iiV Ottl ftiCuiAl thermial expainsion while]( prroviduing striffness arrd stretgigli.

,\I thle iLCI enld O1 [lie yoke is thle J1'tntutlr truritoe1 Wllt-Ic fits, intto beautilsý ]Ii tile azinrulit

timiimtiit.p~' \mRlimkilico areal Insole t[Ils truniuinl aeconirodates tile atiimutli tirIyjoint. Immnediately

i1to" li tic ii'i tile diimu lmivc gealr Is attached it) tire yoke. 1 lie yorke aints ate lorimedljust above the

IIs o limc ý].tmiltild v'ke mill is devilted oiiti1rely to liotisiig tilie r-l "ahitoi drive hox. while thle potl

arn L-I I lion ImI lie eLVlolrs'Iii it miia joiii, time Ilirt elevatioui tittitoit and beating, clevritioii[ /CFO pinliule. anld

elvamioii Ismimijt51115 A ]lot Is Imaelcimliicd lalong thle enlter of [lie porir yioke titi to accepttil ~e wavegulidc ruin

kccii%: the i/':muiiiim aid elev~itmom totimy toiit.
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Elevation drive box

- Thle volume available for the elevation drivc- train is considerably less thani that availahle loti

azimut%. As a result, the elevation motor and gear train are anl integral part ol tile yoke assembly. a tail cdi

seen in Figures 6 and 7. The elevation drive motor is the same as that l'cbcnbed lot thie atirinuti iLiivc ho.'

The motor and tirst pinion/gear pair are located in the t'pc 303 stainless stL!cl elevation gearbox Lovei. I licIelevation axis mnain drive gear anid the st;'rboard elevati )in trunmon hearing arc housedl by tilt s ikc us1wlI - lii
overall gear ratio of tile two-stage elevation drive traiji 1.- 75.1 11 :1.

The eIlVatlion synchro is driven by a segmiented gear which is pie~sCLd nitO tile Nladrldoi iiOkCi

Tesynchro shL;It is L~ttaclicd to a type 303 stainless an: backlash gear which inesLes with the %C~uinenitei .caii
The ci' arc of tile ainc mtraad GA quaity as tie aminirtli drive gear.' liet d,~iatieil pio lN 'Pt

Backashtittheeleatin garbx ieasredat the 1: 3IS axs also dppruLXiiiiatClf nt~l-Iltell LI~ei A, it, t-

I ~beatrg exposed to an opening in the gearbox. The !levation drive uniit is comloipl\tl ciiclosed . ciii. is:,:

mt--alhearings and gears, aiid tlie starboard clevajtio.2 tiuiiioir as Shownl ii lien1!C 6- (v IJL11 1icl1iiliii

as in i/.iniutli by the use of a wave spring wasiter arrangement on each shaft ito '!i clie i

HORN

The horn has the shape of a right tiluncated cone. 'hFilenIIs lid, a 1i.1.i ilsoic crHvMtnic. ilit' iMCixc

It itiOn is onl tile inside, while tIlc oultide surfa~e IS t1-t With ceucelitricC grooVes ' 11V 1CiiiCLodc 0iIt ol lit
coreý is (00t and thle inside dirance (irof thle large ond is tour tiiche%. I lie iiirn Is imiade tioini ivp ('6 i1i 1

aho ninum, and the leiis is at dielectric of how RF attienuatioii.

S')veral shaved tmoiunting surfaces arc iimachliitd iiito theC Mexitiiol the tlei hil hod% I iw"e lliimiili,

ire desiired ito accoiniodatc several pieces of electronic eqluipmeint- Thiree wiNt aile itliscliteodi Jllcl I! lilk

* ~~hil to re~luce RI- losses. the low riioise aniplifier, IF amnplitier, and thiiril-st!iCe iickil iisciliiAii. WILii Ill.][,

.11 lathed1 Io tile lror exterior aic tile accehioiirverU and tIle elevatioii syilikirlli'ii 1001. 1le aCck-t'l!cr L

t urnishesc anl litipt to thle poisiriolting clectronics (ý.erVo systeml) to) actililni fii :iils iiitiii. p)CII isOleIt

etc

POINJING ANI) TRA CMNG CI A RACLII R jyjj(C.;

Sky coverage

Foir the pcdCst.il to he calpable if pointing between (0" aid LJOo licil L~eaiwhV iii' iil li..t

elevation aIXIs travel moust be gleate Itiaii 90" by twice tile angle of the worsIk-tas kiim1ii11in,101 oI ships

duld pi1toh 'riis iworst-case Lornhiriation igi gl is 212.4o. hence the ;itiglc whiA 11it:1 1 clevitiiii i.Ni\ 1ilU-I1ihi

i% 134.9". With the periscope pei") Vtl' vrtical. tMei the pedestal will poiull '-' 40 belw iii I111/oll iiild 4'

hCYLiill 1121iit11 During even tilie most v~iilenit pitching and tlilling of t11C Nihiliiiriie. l1willt' 01 do~l r'leVaiii'i

look aught will hc iit least 0i" to Q10".
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.rirrmi~~ tC Uii zit stndiig ±I Iir a Ii ay Is if ravel is 170t o. Due to the 250 azirmuthr cant angle, this resulIts in a true localI

;Ixk5 'I hicr eI arcWO iCeeptaLIes III eleitior1. tine Itri Zerriltg at W) elevation arid one for 25". Only one

.iligiriciili[] pr eccjtriicit is irtivided In r'/iiriutlr. this is for /eroing at 0"

I'ouiting error

I Ire IttIrrirn! Ci r1i01 O(lie pedestal is Sýpcrittic to lie less thlan g0-5 witl] lessN than 0.3o of this as

tire stailt itirrirrirn Ci to1 ,arrd11 Ics' 1MIr0.2 it.,a tire specified dyirarrire errorr. byv using hirihl-quahity drive gears, to

acI reve hiss i ;is Csiorr l C ini.d hi. :klashr. a hrigli gear train accuracy is achieved. By using close toleraaces onl

irracirIrirre' [lie oke, [lire oir tlirigsrralrry arid vertic~ility errors arc corirrilled within ac:cepralile limits. Radial

pliay iil roill Owc ar/rilurtlr aird elevatiorn t itinioiri hearings are remnoved by use of angular contact bearing,-s arid

pirsirive r 1 111l1ri Ibi 10is tri ill ie azirmutli trunirir hy use ot a retainrer ring which sc:rews oriro tire lower

end of' tire rlireikrtle trirriroi .rird hears sipOri tire inner race of' tire lower hearing (see Figure 4). Thre eteva*Li(n

trirriririr hear ,ri h I \z i altrlnirer by adjustirrg striin thicknesses whinch also adjust tire lengthr of the elevation

axis. Urnlike ,%rr shalts in1SIdeC tire two gca rboxes, these azimiuthr arid elevaj.on truririrr bearinigs carry a

large Cinttrirglr tLad rlrar wave spi[ng waslreirs world [lot hel effective iii removing radral play. especially under

dlyrranic crmrrrlrtirrs. All these irecluiniricl features of tire anrtenrna pedestal contribute to a low pointing error.

I h:e seivi sysicili accuracy is also ri grea! contributor ro thre pointing accuracy. For thrs, reason, tire ,iz:niutli

arid ehevaritrir syiclirri (sile S) are purchased with a spc~if'ied accuracy of 0.050. These syrichrus, or angular

ptrSrror resolver , f'urnish tire xervo systemn electronics with data signals rindicaiting tire anrtenina's pointing angles I
iii a,'irnurl arid clevaronri. 'lie syrtcirrr-tn-digital converter trarrsf )niS tlir. output of these syrrebros irton a

14-bit digiral puositiorn word for use by tire computer. i
Trackting rates

Ifire niaxirrurin tia.ckrrrg veclocity inn elevation is 30"/seenrnd and 40ot.ifeeOrd in azimuthr. Maximumii

irackirig arclrnttn re 4U0tlsccrrrid 2 nit elevation and 00otisecorid 2 in azimuth. These rates are based run data

olirallIrerI 1u0rn srrrirptitrr-gerrerrted velocity arid acceleration plets whtieni were made forir a elevatioin tivr

. irrrriit i ;rsr 1r Wirie w thtie a.rriiInrtln canted at 250 Froiri vertical. Htowever. tire mirrors rave aniple poiwer.t

.rrrr tWe rIest".1 iilienIr~a Is low eiirlgli Iliar muich higher trt~kring rare.ý cruld ble achieved it necessary.
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